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The  efficacies  of  40  mg  of  ofloxacin  per  kg/day  given  orally  and  250  mg  of  penicillin  per  kg/day  given 
intramuscularly,  alone  or  in  combination,  were  evaluated  in  the  prevention  of  mortality  of  C3H/HeN  female 
mice  given  8.2  Gy  of^Co  radiation.  Mortalities  were  51  of  60  mice  (85%)  in  the  control  group,  46  of  60  mice 
(77%)  among  those  treated  with  penicillin,  32  of  60  mice  (53%)  among  those  treated  with  ofloxacin  jP  <  0.05)^ 
and  5  of  60  mice  (8%)  among  those  treated  with  ofloxacin  and  pcnicilli^  (P  <  0.0012»The  organisms  rccoveretl  ' 
from  the  livers  of  control  mice  were  members  of  the  family  Enterobactenaceae  and  Streptococcus  spp.  A 
reduction  In  the  number  of  the  Enterobactenaceae  was  noted  only  in  ofloxacin-treated  mice,  and  a  reduction  in 
the  number  of  Streptococcus  spp.  wa.s  noted  only  in  the  penicillin-treated  mice.  Reductions  in  the  numbers  of 
both  groups  of  organisms  were  noted  only  in  the  animals  treated  with  both  agents.  This  study  shows  the 


advantage  of  the  combination  of  ofloxacin  and  penicillin 
mortality  after  irradiation.  ^ 


Ionizing  radiation  enhances  susceptibility  to  systemic  bac¬ 
terial  infections  caused  by  endogenous  and  exogenous  or¬ 
ganisms  (4,  6).  One  source  of  endogenous  infections  is  the 
bacterial  gastrointestinal  tract  flora  (4).  Following  irradia¬ 
tion,  members  of  that  flora  translocate  to  the  liver  and  spleen 
and  can  be  associated  with  fatal  septicemia  (4,  5).  The  most 
important  bacterial  species  isolated  from  septic  animals  are 
members  of  the  family  Enterobactenaceae  and  Streptococ¬ 
cus  spp.  (4,  5).  Prevention  of  bacterial  translocation  in 
irradiated  animals  and  control  of  the  subsequent  sepsis  by 
these  organisms  enhance  survival  in  models  of  experimental 
infection  (3). 

In  previous  studies,  we  found  the  quinolone  antibiotics  to 
be  efficacious  in  controlling  systemic  infections  following 
irradiation  (2,  3).  The  efficacies  of  these  agents  are  believed 
to  be  due  to  their  selective  ability  to  eradicate  members  of 
the  family  Enterobactenaceae  while  preserving  the  anaero¬ 
bic  gut  flora.  However,  animal  mortality  was  not  completely 
prevented  in  those  studies,  and  quinolonc-resistant  Strepto¬ 
coccus  spp.  were  isolated  in  the  organs  of  animals  that 
succumbed  to  infection. 

This  study  was  designed  to  evaluate  the  efficacy  of  sup¬ 
plementing  the  antimicrobial  therapy  of  irradiated  mice  with 
a  quinolone  with  penicillin,  which  is  effective  against  Strep¬ 
tococcus  spp.  We  found  that  combined  antibiotic  therapy 
with  ofloxacin  and  penicillin  prevented  bacterial  transloca¬ 
tion  to  the  liver  and  resulted  in  90%  survival  of  mice  given 
lethal  doses  of  radiation. 

Female  C3H/HeN  mice  (age,  approximately  12  weeks) 
were  obtained  from  the  National  Cancer  Institute  Animal 
Breeding  Facility  (Frederick,  Md.).  Animals  were  main¬ 
tained  as  described  previously  (3).  The  mice  were  provided 
commercial  rodent  chow  and  acidified  water  (pH  2.2)  that 
was  changed  to  tap  water  48  h  before  irradiation.  All 
experimental  procedures  were  done  in  compliance  with 
National  Institutes  of  Health  and  Armed  Forces  Radiobiol- 


*  Corresponding  author. 


in  the  prevention  of  bacterial  translocation  and  animal 


ogy  Research  Institute  guidelines  regarding  animal  use  and 
care. 

Mice  were  placed  in  Plexiglas  restrainers  and  given  a 
whole-body  dose  of  8.2  Gy  of  radiation  at  0.4  Gy/min  from  a 
•^’Co  source.  The  dose  rate  was  determined  at  the  midline,  as 
described  previously  (3).  The  tissue-air  ratio  in  this  experi¬ 
ment  was  0.98. 

The  lethal  dose  for  50%  of  C3H/HeN  female  mice  30  days 
after  exposure  was  7.9  Gy.  The  dose  of  8.2  Gy  is  a  lethal 
dose,  and  it  was  used  because  survival  (80  to  90%  in  30  days) 
from  radiation-induced  hematopoietic  damage  is  possible  if 
antibacterial  treatments  are  successful.. 

The  antibiotics  used  were  ofloxacin  (Ortho  Pharmaceuti¬ 
cal  Corp.,  Raritan,  N.J.)  and  procaine  penicillin  G  (Wyeth 
Laboratories,  Philadelphia,  Pa.).  Both  antibacterial  agents 
were  given  once  every  24  h.  Ofloxacin  was  given  by  oral 
gavage  in  a  dose  of  40  mg/k^day  in  a  volume  of  0.1  ml  of 
distilled  water.  Procaine  penicillin  was  administered  by 
intramuscular  (i.m.)  injection  to  alternate  thighs  in  a  dose  of 
250  mg/kg/day  in  a  volume  of  0.1  ml  of  saline.  All  control 
animals  received  0.1  ml  of  sterile  distilled  water  by  oral 
gavage  and  0.1  ml  of  normal  saline  i.m. 

Concentrations  of  the  antibiotics  in  serum  were  deter¬ 
mined  in  each  of  six  irradiated  mice  1  and  23.5  h  after  the 
administration  of  the  antimicrobial  agents  on  day  5  of 
therapy.  Bacillus  subtilis  ATCC  6633  was  used  as  a  test 
organism  in  a  Muellcr-Hinton  agar  (pH  7.4). 

Mice  were  observed  for  mortality  and  symptoms  of  dis¬ 
ease  for  30  days.  Five  mice  were  selected  at  random  from 
each  group  on  days  4,  6,  8, 10,  and  12  following  irradiation. 
When  fewer  than  five  mice  in  a  group  survived,  all  mice  were 
studied  that  day.  Mice  were  euthanized  by  cervical  disloca¬ 
tion.  Specimens  of  livers  were  processed  for  the  presence  of 
bacteria.  No  other  organs  were  examined  and  no  blood 
samples  were  obtained,  because  studies  showed  that  posi¬ 
tive  liver  cultures  correlate  best  with  sepsis  (4).  The  livers 
were  aseptically  removed  and  homogenized  immediately. 
The  liver  specimens  were  swabbed  onto  blood  and  MacCoh- 
key  agars,  and  the  organisms  were  identified  by  conventional 
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F'lG.  1.  Survival  ol'SO  C3H/HeN  mice  irradiated  with  8.2  Gy  of 
“Co  and  treated  orally  with  ofloxacin  and  i.m.  with  procaine 
penicillin  G.  Twenty  mice  were  included  in  each  group.  The  data 
represent  results  of  one  experiment;  an  identical  experiment  showed 
similar  data  (see  text). 


methods  (9).  The  susceptibilities  of  the  isolates  were  deter¬ 
mined  by  the  Kirby-Bauer  method. 

Antimicrobial  therapy  was  initiated  72  h  after  irradiation, 
and  antimicrobial  agents  were  administered  for  10  days.  A 
total  of  200  mice  were  included  in  each  of  the  three  replicate 
experiments  comprising  both  survival  (80  mice)  and  bacterial 
translocation  (120  mice)  studies.  However,  microbial  analy¬ 
sis  of  the  liver  was  done  only  twice.  Each  experiment 
consisted  of  three  antibiotic  therapy  groups  and  the  water- 
saline-treated  control  group.  Each  group  consisted  of  50 
mice:  20  were  observed  for  mortality  and  30  were  used  for 
cultures  of  liver  on  each  of  5  designated  days.  The  first  group 
of  mice  received  ofloxacin,  the  second  group  received  pen¬ 
icillin,  the  third  group  received  a  combination  of  ofloxacin 
and  penicillin,  and  the  fourth  group  received  distilled  water 
orally  and  saline  i.m. 

Statistical  analyses  were  done  by  the  Cox-Mantel  test  (8). 

Mortalities  in  the  groups  that  received  ofloxacin  or  oflox¬ 
acin  and  penicillin  were  significantly  (P  <  0.05)  less  than 
those  in  the  saline-  or  penicillin-treated  groups  (Fig.  1).  The 
mortalities  in  all  experiments  were  similar,  and  the  data  were 
therefore  pooled.  Of  the  60  water-saline-treated  mice,  51 
(85%)  died,  46  of  the  60  (77%)  penicillin-treated  mice  died,  32 
of  60  (53%)  ofloxacin-treated  mice  (P  <  0.05)  died,  and  5  of 
60  (8%)  mice  treated  with  ofloxacin  and  penicillin  {P  <  0.001) 
died. 

Most  of  the  organisms  were  isolated  on  days  8. 10,  and  12 
after  irradiation  (Table  1).  Analysis  of  the  data  obtained  on 
those  days  showed  recoveries  of  members  of  the  family 
Enterobacteriaceae  in  11  of  13  (85%)  of  the  livers  of  control 
mice  and  Streptococcus  spp.  in  6  of  13  (46%)  of  the  livers  of 
control  mice.  No  other  types  of  isolates  were  recovered.  No 
significant  reduction  in  the  rate  of  isolation  was  noted  in  the 
recovery  of  the  Enterobacteriaceae  in  penicillin-treated 
mice  (7  of  12  mice).  However,  the  number  of  livers  that 
harbored  Streptococcus  spp.  was  reduced  to  1  of  12  (8%;  P 
<  0.05).  The  recovery  rate  of  the  Enterobacteriaceae  was 
reduced  in  the  ofloxacin-treated  mice  (1  of  14  mice;  P  < 
0.05);  however,  the  rate  of  isolation  of  Streptococcus  spp. 
was  not  altered  (8  of  14;  57%).  Therapy  with  ofloxacin  and 
penicillin  reduced  the  rate  of  recovery  of  both  the  Entero¬ 
bacteriaceae  (1  of  15  mice)  and  Streptococcus  spp.  (0  of  15 
mice). 

In  the  second  experiment,  the  Enterobacteriaceae  were 
isolated  in  12  of  14  (86%)  of  the  livers  of  control  mice,  and 
Streptococcus  spp.  were  recovered  in  7  of  14  (50%)  of  the 
livers  of  control  mice.  As  in  the  first  experiment,  no  reduc¬ 
tion  was  noted  in  the  isolation  rate  of  the  Enterobacteriaceae 


TABLE  1.  Recovery  of  bacteria  from  livers  of  C3H/Hc'N  mice 
given  8.2  Gy  of  “Co  and  treated  with  ofloxacin  and  penicillin 


No.  ol  animals  with  bacicria/no.  of 
Organism  ami  animals  studied  on  the  following 

treatment  ‘’“y  inoculation": 


4 

6 

8 

10 

12 

Enterobacteriaceae  family 

Control 

0/5 

1/5 

3/5 

5/5 

3/3 

Penicillin 

0/5 

1/5 

2/5 

3/5 

2/2 

Ofloxacin 

0/5 

0/5 

0/5 

0/5 

1/4 

Ofloxacin  and  penicillin 

0/5 

0/5 

0/5 

0.'5 

1/5 

Streptococcus  spp. 

Control 

0/5 

1/5 

2/5 

3/5 

1/3 

Penicillin 

0/5 

0/5 

0/5 

1/5 

0/2 

Ofloxacin 

0/5 

0/5 

3/5 

2/5 

3/4 

Ofloxacin  and  penicillin 

0/5 

0/5 

0/5 

0/5 

0/5 

"The  data  represent  results  of  one  expeiiment:  one  replicate  showed 
similar  data  (see  text). 


in  penicillin-treated  mice  (6  of  11  mice;  55%).  but  tne  number 
of  livers  harboring  Streptococcus  spp.  was  reduced  to  1  of  11 
(9%;  P  <  0.05).  The  recovery  rate  of  the  Enterobacteriaceae 
was  reduced  in  ofloxacin-treated  mice  (1  of  13  mice;  P  < 
0.05);  however,  the  rate  of  recovery  of  Streptococcus  spp. 
was  unchanged  (7  of  13;  54%).  A  significant  reduction  was 
noted  in  the  recovery  of  both  the  Enterobacteriaceae  (0  of  15 
mice)  and  Streptococcus  spp.  (2  of  15  mice;  13%)  in  mice 
treated  with  ofloxacin  and  penicillin  (P  <  0.05).  All  the 
Enterobacteriaceae  were  susceptible  to  ofloxacin  and  resis¬ 
tant  to  penicillin.  All  Streptococcus  spp.  were  susceptible  (o 
penicillin  and  resistant  to  ofloxacin. 

The  mean  concentrations  of  ofloxacin  in  serum  were  2.  4  ± 
0.3  )ig.'ml  at  1  h  and  0.4  ±  0.2  pg/ml  at  23.5  h.  The  m.ean 
concentrations  of  penicillin  G  were  38.5  ±  4.6  n-g/ml  at  1  h 
and  6.2  ±  2.5  p.g/ml  at  23.5  h. 

This  is  the  first  study  demonstrating  that,  although  the 
quinolone  ofloxacin  can  reduce  mortality  following  exposure 
to  radiation,  the  addition  of  penicillin  can  further  reduce 
mortality.  Although  ofloxacin  (lecreased  the  translocation  of 
the  Enterobacteriaceae ,  Streptococcus  spp.  continued  to 
disseminate  to  the  liver,  and  mortality  was  not  prevented  in 
almost  half  of  the  animals.  While  penicillin  was  ineffective  in 
controlling  mortality  by  itself,  its  addition  to  ofloxacin  was 
successful  in  controlling  the  spread  of  Streptococcus  spp. 
and  reduced  mortality  even  further. 

Several  quinolones  have  been  used  empirically  in  immu¬ 
nocompromised  patients  to  decrease  the  colonization  of  the 
gastrointestinal  tract  and  the  systemic  spread  of  the  Entero¬ 
bacteriaceae  (10).  The  efficacies  of  these  agents  are  due  to 
their  activities  against  the  Enterobacteriaceae  and  their  lack 
of  activity  against  anaerobic  bacteria  (1).  Furthermore,  since 
the  quinolones  are  also  absorbed  from  the  gastrointestinal 
tract,  they  can  eradicate  any,  susceptible  pathogens  that  have 
spread  systemicaily.  Although  prophylactic  quinolone  ther¬ 
apy  reduced  the  occurrence  of  bacteremia  caused  by  the 
Enterobacteriaceae  in  immunocompromised  patients,  it  did 
not  prevent  infection  with  Streptococcus  spp.  or  reduce  the 
subsequent  mortality  from  infection  (7). 

The  findings  of  this  study  suggest  that  the  addition  of 
penicillin  therapy  directed  at  the  organisms  that  are  not 
inhibited  by  quinolone  therapy  may  prevent  their  transloca¬ 
tion  and  the  subsequent  development  of  infection  with  the.se 
quinolone-re;iistant  organisms.  These  findings  support  the 
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preliminary  observations  in  neutropenic  patients,  in  whom 
the  addition  of  penicillin  to  a  quinolone  prevented  treatment 
failures  with  the  quinolone  caused  by  streptococci  (7). 
Another  possible  explanation  for  the  synergistic  effect  of 
adding  penicillin  to  ofloxacin  is  that  penicillin  acts  synergis- 
tically  against  the  Emerobacteriaceae,  which  are  the  major 
pathogens.  Further  studies  of  patients  to  explore  the  useful¬ 
ness  of  this  approach  in  controlling  bacterial  infection  in  the 
immunocompromised  host  are  indicated. 

We  acknowledge  the  secretarial  assistance  of  Carolyn  Wooden. 

This  study  was  supported  by  the  Armed  Forces  Radiobiology 
Resciirch  Institute,  Defense  Nuclear  Agency,  under  work  unit 
4440-00129. 
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To  investigate  uhethcr  oral  gentamicin  or  ofloxacin  therapy  protects  against  gram-negative 
vcpsis  after  irradiation.  B6D2FI  mice  were  exposed  to  7.5  Gy  of  radiation  from  ‘®Co,  infected 
with  10’  Pseudomonas  aeruginosa  or  Klebsiella  pneumoniae  orally  3  days  after  irradiation,  and 
treated  with  oral  (15  mg/kg/day)  or  intramuscular  (im;  7.5  mg/kg/day)  gentamicin  or  oral  (40 
mg/kg/dav)  ofloxacin.  For  P.  aeruginosa,  gentamicin  therapy  was  started  orally  10  and  24  h  and 
im  24  h  after  inoculation.  For  K.  pneumoniae,  gentamicin  was  started  orally  24, 48,  and  72  h  and 
im  24  h  after  inoculation;  ofloxacin  was  started  24  h  after  inoculation.  Mice  that  received  oral 
gentamicin  early  ( 1 0  h  for  /*.  aeruginosa,  24  h  for  K.  pneumoniae),  im  gentamicin,  or  oral  ofloxa¬ 
cin  showed  significantly  {P  <  .05)  reduced  colonization,  translocation,  and  mortality  compared 
with  mice  that  received  oral  gentamicin  late.  These  data  support  the  use  of  selective  antimicrobial 
therapy  to  reduce  colonization,  translocation,  and  mortality  from  gram-negative  bacteria  in  irra¬ 
diated  animals. 


E  vposurc  to  ionizing  radiation  enhances  the  recipient's  sus¬ 
ceptibility  to  systemic  infections  due  to  endogenous  and  e.x- 
ogenous  organisms  (1.2).  Pseudomonas  aeruginosa  and  Kleb¬ 
siella  pneumoniae,  two  of  the  most  frequent  causes  of 
gram-negative  bacterial  sepsis  (3.  4],  are  especially  prevalent 
in  immunocompromised  patients. 

We  have  developed  a  model  of  acquired  P.  aeruginosa  and 
K  pneumoniae  (5,  6)  infection  in  irradiated  mice  that  may 
represent  the  mode  of  acquisition  of  external  pathogens  into- 
an  irmdiated  host.  We  observed  that  the  number  of  endoge¬ 
nous  aerobic  and  anaerobic  bacteria  in  the  gastrointestinal 
tract  declined  24  h  after  irradiation  and  the  decline  was  max¬ 
imal  at  7  days  [7).  This  decrease  in  endogenous  bacterial 
flora  may  make  the  host  more  susceptible  to  the  acquisition 
of  external  pathogens  such  as  P.  aeruginosa  and  K.  pneu¬ 
moniae. 

Selectiv  e  decontamination  of  the  gastrointestinal  tract  has 
been  advocated  as  a  treatment  to  reduce  the  frequency  of 
infections  due  to  endogenous  or  exogenous  gram-negative 
bacteria  in  neutropenic  patients  (8).  This  is  achieved  by  oral 
ingestion  of  nonabsorbable  antimicrobials  that  are  mostly 
cITeciive  against  gram-negative  enteric  organisms  and  spare 
the  normal  anaerobic  gastrointestinal  flora.  Agents  that  were 
used  for  such  treatment  were  polymyxin,  bacitracin,  and  oc- 


Reeeivtfd  I  Xpnl  1491.  revised  31  .May  1991. 

Research  wa-.  eunducled  according  to  the  principles  of  ihe  tnsiiiuie  of 
Laboraiory  .Xnimal  Resources.  National  Research  Council. 

V  lews  presented  are  ihose  of  the  authors,  no  endorsemeni  by  the  Defense 
Nuclear  Agency  was  given  or  should  be  inferred. 

Reprints  or  correspondence:  Dr.  Ilzhak  Brook.  .Armed  Forces  Radiobiol- 
ogy  Research  Insiituie.  Bethesda.  MD  20889-5145. 

The  Journal  of  Infectious  Diseases  1991;164:917-21 
This  ariicle  is  in  ihe  public  domain. 

0022-1899/91/6405-0013 


casionally  aminoglycosides  (0).  However,  in  recent  years  a 
new  class  of  antimicrobials,  the  quinolones.  have  increas¬ 
ingly  been  used  in  an  attempt  to  reduce  infections  in  neutro¬ 
penic  individuals  [10-12].  Unlike  nonabsoibable  antimicro¬ 
bials.  the  quinolones  are  absorbed,  and  they  can  eradicate 
organisms  that  might  have  spread  systemically  and  reduce 
the  number  of  enteric  bacteria  in  the  gut's  lumen. 

We  investigated  whether  aminoglycoside  activity  achieved 
only  within  the  gut’s  lumen  can  protect  against  gram-nega¬ 
tive  infections  in  irradiated  animals  as  successfully  as  systemi¬ 
cally  administered  therapy. 


Materials  and  Methods 

Animals.  Female  B6D2F1  mice  1 2  weeks  old  were  obtained 
from  Jackson  Laboratories  (Bar  Harbor.  ME).  .Ml  animals  were 
kept  in  quarantine  for  ~2  weeks  before  being  transferred  to  a 
room  with  a  1 2-h  (6  a.m.-6  p.m.)  light-dark  cycle.  Representa¬ 
tive  samples  were  examined  to  ensure  the  absence  of  specific 
bacteria  and  common  munne  diseases.  Animals  were  main¬ 
tained  in  a  facility  accredited  bv  the  .American  .Association  for 
.Accreditation  ofLaboratory  Animal  Care  in  Microlsolator  cages 
on  hardwood-chip  bedding  and  were  provided  commercial  ro¬ 
dent  chow  and  acidified  water  (pH  2.2)  that  was  changed  to  tap 
water  48  h  before  irr.Tdiation.  This  was  done  to  facilitate  coloni¬ 
zation  of  the  gastrointestinal  tract  with  the  gram-negative  bacte¬ 
ria  [5]. 

‘‘’Co  irradiation.  Mice  were  placed  in  Plexiglas  restrainers 
and  given  a  whole-body  dose  of  7.5  Gy  at  0.4  Gy/min  from 
bilaterally  positioned  '’’’Co  sources.  Before  the  experiment,  the 
dose  rate  at  the  midline  of  an  acrylic  mouse  phantom  was  mea¬ 
sured  using  a  0.5-cm’  tissue-equivalent  ionization  chamber 
(Exradin.  Chicago).  The  dose  rate  at  the  same  location  with  the 
phantom  removed  was  then  measured  using  a  50-cm’  ionization 
chamber  (Armed  Forces  Radiobiology  Research  Institute 
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[AFRRI]).  The  ratio  of  these  two  dose  rates,  the  iissue-air  ratio, 
was  then  used  to  determine  the  animal  doses  for  routine  expen- 
mental  procedures. 

All  ionization  chambers  used  had  calibration  factors  traceable 
to  the  National  Institute  of  Standards  and  Technology.  The  do- 
simetrx'  measurements  w’ere  made  follow  ing  the  .Amencan  Asso¬ 
ciation  of  Physicists  in  Medicine  Task  Gioup  21  protocol  (13). 
The  dose  w  ithin  the  e.xposure  field  varied  by  S't  as  determined 
bv  thermoluminescent  dosimetry  with  acrylic  mouse  phantoms. 
The  LDjo  was  9.65  ±  0.36  Gy  30  days  after  e.xposure.  The  dose 
of  7.0  G%  was.  therefore,  a  sublethal  dose  and  was  chosen  after 
prcMOus  Studies  showed  that  feeding  the  mice  P.  aeruginosa  (5) 
and  K.  pneumoniae  (6)  produced  mortality  ol  809-90*7  in  30 
davs. 

j 

Bai  leria.  Two  bacterial  strains  were  used  in  this  study.  One 
was  a  clinical  isolate  of  P  aeruginosa  strain  P.A220  that  was 
isolated  from  a  blood  sample  taken  at  the  National  Naval  Medi¬ 
cal  Center  (Bethesda.  MD).  The  organism  is  serotype  I.  exo- 
toxm  A-  and  protease-positive,  sensitive  to  serum-mediated  kill¬ 
ing.  and  relatively  virulent  for  normal  mice.  The  other  strain 
was  a  clinical  isolate  of  A'  pneumoniae  with  a  capsule  type  5 
(AFRRI  no.  7)  The  organisms  were  harvested  in  the  logarith¬ 
mic  phase  of  growth  in  brain-heart  infusion  media.  A  concentra¬ 
tion  of  1 0*  organisms/ml  of  saline  was  prepared,  and  0. 1  ml  was 
fed  to  each  animal  by  gavage  using  a  20-gauge  animal  feeding 
tube  fitted  to  a  1 .0-ml  syringe. 

Antimicrobials.  Gentamicin  (Schering  Laboratories.  Kenil¬ 
worth.  NJ)  and  ofloxacin  (Onho  Pharmaceutical.  Raritan.  NJ) 
were  obtained  from  the  manufacturer.  Standard  powder  formu¬ 
lations  wi  h  known  potencies  were  used  for  in  vitro  and  in  vivo 
studies.  Ofloxacin  was  given  orally  once  every  24  h  in  a  dose  of 
40  mg/kg/day.  administered  in  a  volume  of  O.I  ml  by  oral  ga¬ 
vage  with  a  20-gauge  feeding  tube  fitted  to  a  I.O-ml  syringe. 
Control  animals  received  0. 1  ml  of  sterile  distilled  water  by  oral 
gasage.  Gentamicin  was  given  orally  or  intramuscularly  (im). 
The  im  dose  was  7.5  mg/kg/day  given  as  one  dose,  and  the  oral 
dose  was  1 5  mg/kg/day  given  every  1 2  h. 

.■tniiniu  rohial  serum  concentration.  Serum  concentrations  of 
the  antimicrobials  were  determined  in  si.''  mice  1  and  23.5  h 
after  oral  administration  of  ofloxacin  on  day  5  of  therapy  and  I 
and  1 1 .5  h  after  administration  of  oral  or  im  gentamicin  Bacil¬ 
lus  Mibiihs  ATCC  6633  was  used  as  a  test  organism,  and 
Mueller-Hinton  agar  (pH  7.4)  was  used  as  a  test  agar.  The 
method  could  not  detect  antimicrobial  concentrations  <0.2 
jig/ml. 

In  Mtro  siiscepiibiliiy.  MICs  and  M.BCs  were  determined  in 
.Vlueller-Hinton  broth  that  was  inoculated  with  1.5  X  lO'organ- 
isms/ml  from  an  overnight  culture.  MICs  and'MBCs  of  oflo.xa- 
cin  for  P.  aeruginosa  and  K.  pneumoniae  were  0.12  and  0.24 
/ig/ml.  of  gentamicin  for  P.  aeruginosa  were  0.25  and  0.5  Mg/nil. 
and  of  gentamicin  for  K  pneumoniae  were  0.125  and  0.25 
tigjxnl 

.\licrobiologic  methods.  Mice  challenged  with  bactena  were 
treated  with  gentamicin,  ofloxacin,  or  water  by  different  routes 
staning  at  different  times  for  a  total  of  10  therapy  groups  (see 
below).  Five  animals  were  selected  at  random  from  each  group 
on  days  4.  6.  8.  and  10  after  irradiation.  Animals  were  killed  by 
cervical  dislocation.  Specimens  of  livers  and  ileum  were  pro¬ 


cessed  “'or  the  presence  of  bacteria.  No  other  organs  were  pro¬ 
cessed  and  no  blood  samples  were  obtained,  because  previous 
studies  showed  that  liver  cultures  correlated  best  with  sepsis  (2). 
The  livers  were  aseptically  removed  and  homogenized  immedi¬ 
ately.  The  ileum  was  opened,  and  ileal  content  samples  were 
obtained  using  a  swab.  The  liver  and  ileum  specimens  were 
swabbed  onto  blood  and  MacConkey  agars,  and  the  organisms 
were  identified  using  conventional  methods  (14). 

E.xpenmental  design.  Each  mouse  was  fed  10’  organisms  72 
h  after  irradiation,  because  previous  work  showed  that  mice  are 
susceptible  to  gram-negative  bacterial  sepsis  after  feeding  with 
gram-negative  bacteria  48-72  h  after  irradiation  (10.  1 1).  .Anti¬ 
microbial  therapy  was  started  at  different  intervals  after  bactenal 
feeding  to  examine  the  effect  of  delay  on  the  prevention  of  sys¬ 
temic  spread  of  organisms. 

In  groups  of  mice  fed  P.  aeruginosa,  gentamicin  therapy  was 
given  as  follows:  orally  starting  10- h  after  inoculation,  orally 
starting  24  h  after  inoculation,  and  im  starting  24  h  after  inocula¬ 
tion.  Control  mice  were  given  distilled  water  orally  24  h  after 
inoculation.  No  ofloxacin  therapy  was  given  to  mice  fed  P  aeru¬ 
ginosa.  Each  of  the  four  therapies  tested  was  given  to  20  mice, 
fora  total  of  80  mice  in  each  run  of  the  experiment.  The  expen- 
ment  was  run  three  times,  for  a  total  of  240  mice  used  in  P. 
aeruginosa  studies. 

In  groups  of  mice  fed  K.  pneumoniae,  oflo.xacin  therapy  was 
given  24  h  after  inoculation.  Gentamicin  therapy  was  given  as 
follows:  orally  starting  24  h  after  inoculation,  im  starting  24  h 
after  inoc  elation,  orally  starting  48  h  after  inoculation,  and 
orally  starting  72  h  after  inoculation.  Control  mice  were  given 
distilled  water  orally  starting  24  h  after  inoculation.  Each  of  the 
six  therapies  tested  was  given  to  20  mice,  for  a  total  of  1 20  mice 
used  in  each  run  of  the  experiment.  The  experiment  was  run 
three  times,  for  a  total  of  3b0  mice  used  in  K.  pneimiomae 
studies. 

All  therapies  were  given  daily  as  long  as  there  were  living 
animals  in  a  group,  for  a  total  of  1 5  days. 

Microbial  analyses  of  liver  and  ileal  contents  were  similar  to 
the  mortality  studies:  80  mice  fed  P.  aeruginosa  were  given  four 
therapies  using  gentamicin  and  water,  and  1 20  mice  fed  A.  pneii- 
inoniue  were  given  six  therapies  using  oflo.xacin.  gentamicin, 
and  water  (see  above).  Five  mice  were  picked  at  random  from 
each  of  the  10  therapy  groups  on  days  4.  6.  8.  and  10  after 
irradiation  to  process  liver  and  ileum  for  microbial  analysis.  This 
e.xpenment  was  run  twice,  for  a  total  of  160  mice  liven  P.  aeru¬ 
ginosa  and  240  mice  given  K.  pneumoniae. 

Siatisiical  methods.  Statistical  analyses  were  done  using  the 
Cox-Mantel  test  ( 1 5). 


Results 

Mortality  studies.  In  all  three  runs  of  the  experiment  us¬ 
ing  P.  aeruginosa,  mortality  in  the  groups  given  oral  gentami¬ 
cin  starting  10  h  after  inoculation  or  im  gentamicin  starting 
24  h  after  inoculation  was  significantly  (/*<  .05)  less  than  for 
mice  given  oral  gentamicin  starting  24  h  after  inoculation  or 
mice  given  only  water  (control). 

Mortality  in  the  first  run  of  the  experiment  (figure  I )  was  8 
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Figure  1.  Survival  of  B6D2FI  mice  irradiated  with  7.5  Gy  of 
"^Co.  inoculated  wuh  10'  Psctidonwiias iwnigiiwsa  (PA),  and  gi'-cn 
oral  geiitamieir.  (Genta)  starting  1 0  h  after  inoculation,  intramuscu¬ 
lar  (IM)or  oral  gentamicin  starting  24  it  after  inoculation,  or  water 
(Con).  Twenty  mice  were  included  in  each  group.  Data  represent 
one  expenmeni.  two  replicates  of  each  showed  similar  data. 


(409)10  mice  given  oral  gontamicin  starting  10  h  after  inocu¬ 
lation.  10  (509)  in  mice  given  im  gentamicin  starting  at  24  h. 
all  20  mice  given  oral  gentamicin  starting  at  24  h,  and  all  20 
mice  given  only  water. 

Mortality  in  the  second  run  was  9  (459)  in  mice  given  oral 
gentamicin  starting  at  10  h.  9  (459)  in  mice  given  im  genta¬ 
micin  starting  at  24  h.  19  (959)  in  mice  given  oral  gentami¬ 
cin  starting  at  24  h.  and  all  20  mice  given  only  water. 

Mortality  in  the  third  run  was  6  (309)  in  mice  given  oral 
gentamicin  starting  at  10  h.  7  (359)  in  mke  given  im  genta¬ 
micin  starting  at  24  h.  18  (909)  in  mice  given  oral  gentami¬ 
cin  starting  at  24  h.  and  all  20  mice  given  only  water. 

For  the  e.xperiment  using  K.  pneumoniae,  mortality  in  all 


three  runs  in  mice  given  oflo.xacin.  oral  gentamicin,  or  im 
gentamicin  starting  24  h  after  inoculation  ws  significantly 
{P  <  .05)  less  than  that  of  the  water-treated  (control)  mice  or 
those  given  gentamicin  orally  starting  48  h  and  72  h  after 
inoculation. 

In  the  first  run  (figure  2)  mortality  was  0  in  mice  given 
oflo.xacin.  2  (109)  in  mice  given  im  gentamicin  starting  24  h 
after  inoculation.  4  (209)  in  mice  given  oral  gentamicin 
starting  at  24  h.  12(609)  in  mice  given  ora!  gentamicin  start¬ 
ing  at  48  h;  and  16  (809)  in  mice  given  oral  gentamicin 
starting  at  72  h.  No  mice  given  only  water  survived. 

Mortality  in  the  second  run  was  2  (109)  in  mice  given 
ofloxacin.  3  ( 1 59)  in  mice  given  oral  gentamicin  starting  at 
24  h.  3  ( 1 59)  in  mice  given  im  gentamicin  starting  at  24  h. 
1 5  (759)  in  mice  given  oral  gentamicin  starting  at  48  h,  15 
(759)  in  mice  given  oral  gentamicin  starling  at  72  h.  and  all 
20  mice  given  only  water. 

In  the  third  run.  mortality  was  0  in  mice  given  ofloxacin.  1 
(59)  in  mice  given  im  gentamicin  starting  at  24  h.  3  ( 1 59)  in 
mice  given  oral  gentamicin  starting  at  24  h.  16  (809)  in  mice 
given  oral  gentamicin  starting  at  48  h.  all  20  mice  given  gen¬ 
tamicin  after  72  h.  and  all  20  mice  given  only  water. 

Microbial  analyses:  liver  and  ileum.  P.  aeruginosa  was 
isolated  from  all  control  mice  and  most  (5/7)  mice  given  oral 
gentamicin  starting  24  h  after  inoculation.  The  bacterium 
was  less  often  isolated  from  mice  given  oral  gentamicin  start¬ 
ing  at  1 0  h  and  from  mice  given  im  gentamicin  starting  at  24 
h  (table  1). 

K.  pneumoniae  wdiS  isolated  more  often  in  the  control  mice 
and  in  mice  given  oral  gentamicin  starting  at  48  and  72  h 
after  inoculation  than  in  mice  given  ofloxacin,  oral  gentami¬ 
cin  starting  at  24  h.  or  im  gentamicin  starting  at  24  h  (P  < 
05:  table  2). 


Figure  2.  Survival  of  B602F1  mice 
irradiated  wuh  7.5  Gy  of*^Co.  inoculated 
vviih  1 0’  Klebsiella  pneumoniae,  and  given 
oral  ofloxacin  starting  24  h  after  inocula¬ 
tion:  oral  gentamicin  (Genia)  starting  24 
h.  48  h.  and  72  h  after  inoculation:  intra¬ 
muscular  (IM)  gentamicin  starting  24  h 
after  inoculation:  or  water  (control). 
Twenty  mice  were  included  in  each 
group.  Data  represent  one  experiment: 
two  replicaies  of  each  showed  similar 
data. 
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Table  I.  Recoverv  of  Pmidonwiuis  amtghmsa  from  B6D2F1 
mice  expoicd  lo  7.5  Gy  of  ®®Co.  fed  with  10’  P.  aeruginosa,  and 
iieaied  with  gentamicin. 


Organ, 
experiment, 
treatment  group 

4 

Daxs  after  i 

6 

incK'ulalton 

8 

10 

Total 

Lixer 

1.  \V.iter  (control) 

.V5 

0/0 

0/0 

0/0 

5/5 

Gentamtein  oral.  I'O  h 

1/.' 

1/5 

0/5 

0/2 

2/17' 

Geniamtcin  oral.  24  h 

4/5 

1/2 

0/0 

0/0 

5/7 

Gentamicin  im.  24  h 

2/5 

1/5 

0/5 

0/1 

3/16* 

2.  Water  (conirol) 

4/4 

0/0 

0/0 

0/0 

4/4 

Gentamicin  oral.  10  h 

1/5 

0/5 

0/4 

0/0 

1/14- 

Gentamicin  oral.  24  h 

4/5 

I/I 

0/0 

0/0 

.V6 

Gentamicin  im.  24  h 

2/5 

1/5 

0/5 

0/2 

3/17- 

Ileal  contents 

1  Water  (conirol) 

5/5 

0/0 

0/0 

0/0 

5/5 

Gentamicin  oral.  10  h 

3/5 

2/5 

1/5 

0/2 

6/17- 

Gentamicin  oral.  24  h 

3/5 

1/2 

0/0 

0/0 

4/7 

Gentamicin  im.  24  h 

4/5 

2/5 

0/5 

I/I 

7/16* 

.'  Water  (control) 

4/4 

0/0 

0/0 

0/0 

4/4 

Gentamicin  oral,  10  h 

2/5 

2/5 

0/4 

0/0 

4/14* 

Gen'amicin  oral.  24  h 

2/5 

I/I 

0/0 

0/0 

3/6 

Gentamicin  im.  24  h 

3/5 

2/5 

1/5 

0/2 

6/17* 

NOT  E  ml  =  iniramuscular  Data  are  no  of  animals  with  bactena/number 
%iudietj 

'  P  <  Of  compared  wiih  conirol 


Sen/iH  aiuibioiic  concentration.  The  mean  concentra¬ 
tions  of  oflo.xacin  were  2.6  ±  0.4  pg/m\  at  I  h  after  adminis¬ 
tration  and  0.4  ±  0.2  /rg/ml  at  23.5  h  after  administration. 
Mice  given  im  gentamicin  showed  mean  concentrations  of 
5.5  ±  1.8  /rg/ml  at  I  h  and  1.4  ±  0.3  /rg/ml  at  1 1.5  h  after 
administration.  Mice  given  oral  gentamicin  showed  no  de¬ 
tectable  serum  concentrations. 

Discussion 

This  study  demonstrates  that  oral  gentamicin  adminis¬ 
tered  early  prevents  gastrc  intestinal  colonization,  bacterial 
translocation,  and  mortality  due  to  P.  aeruginosa  and  K. 
pneumoniae  in  irradiated  mice.  Because  oral  gentamicin  was 
not  absorbed  through  the  gastrointestinal  tract,  the  gentami¬ 
cin  prevented  bacterial  sepsis  because  it  inhibited  the  coloni¬ 
zation  of  the  gastrointestinal  tract  by  the  inoculated  bacteria. 
However,  when  colonization  had  already  occurred  and 
translocation  had  taken  place,  administering  gentamicin 
orally  was  ineffective.  In  contrast,  im  administration  of  gen¬ 
tamicin  successfully  reduced  both  systemic  spread  of  the  bac¬ 
teria  and  gastrointestinal  colonization.  Orally  administered 
ofloxacin  also  achieved  these  results. 

The  quinolone  ofloxacin  was  effective  for  treating  P.  aeru¬ 
ginosa  infection  because  it  might  have  locally  inhibited  the 
organism's  growth  in  the  gut  lumen  but  preserved  the  anaer¬ 
obic  gut  flora  [10-12],  Also,  ofloxacin's  systemic  antibacte¬ 


rial  activity  prevented  the  infection  within  the  body.  Orally 
administered  gentamicin  also  effectively  reduced  the  growth 
of  P.  aeruginosa  and  K.  pneumoniae  in  the  gastrointestinal 
tract  without  .suppressing  the  growth  of  the  indigenous  an¬ 
aerobic  flora. 

The  higher  virulence  of  P.  aeruginosa  compared  w  ith  that 
of  K.  pneumoniaein  our  animal  model  facilitated  the  progres¬ 
sion  of  fatal  bacteremia  in  inoculated  mice:  therefore,  we 
administered  gentamicin  10  h  after  bacterial  inoculation. 
Oral  gentamicin  was  ineffective  when  administered  24  h 
after  P.  aeruginosa  were  fed  to  the  mice  but  was  effective 
when  administered  24  h  after  K.  pneumoniae  were  fed. 

The  ability  of  P.  aeruginosa  and  K.  pneumoniae  to  cause 
systemic  infection  in  irradiated  mice  may  be  due  to  the  fol¬ 
lowing  factors:  the  bacterial  void  created  in  the  gut  after  the 
decline  in  the  number  of  other  organisms  [7],  the  increased 
permeability  of  the  mucosal  cells  damaged  by  irradiation, 
and  the  decrease  in  the  local  and  systemic  immune  defenses. 

The  results  of  this  study  support  the  use  of  early  selective 
decontamination  to  prevent  colonization  of  the  gastrointesti¬ 
nal  tract  in  irradiated  hosts.  Judicious  use  of  early  selective 


Table  2.  Recovery  of  Kiebsielia  pneumoniae  from  B6D2FI  mice 
c.xpostfd  to  7.5  Gy  of  “Co.  fed  with  10’  K.  pneumoniae,  and  treated 
with  gentamicin  or  ofloxacin. 


Organ, 
experiment, 
treatment  group 

4 

Days  after  inoculation 

6  8 

10 

Total 

Liver 

1.  Water  (conirol) 

3/5 

3/5 

2/3 

0/0 

8/13 

Gentamicin  oral.  24  h 

1/5 

0/5 

1/5 

0/3 

2/18’ 

Gentamicin  oral.  48  h 

3/5 

3/5 

1/3 

0/0 

7/13 

Gentamicin  oral.  72  h 

4/5 

3/5 

I/I 

0/0 

8/1 1 

Gentamicin  im.  24  h 

0/5 

0/5 

0/5 

0/4 

0/1 9‘ 

Ofloxacin  oral 

0/5 

0/5 

0/5 

0/5 

0/20’ 

2.  W'aier  (control) 

3/5 

4/5 

2/3 

0/0 

9/13 

Gentamicin  oral.  24  h 

2/5 

1/5 

0/5 

0/3 

3/18* 

Gentamicin  oral.  48  h 

3/5 

3/5 

2/3 

0/0 

8/13 

Gentamicin  oral.  72  h 

2/5 

2/5 

I/I 

0/0 

5/11 

Gentamicin  im.  24  h 

0/5 

1/5 

0/5 

0/4 

1/19* 

Ofloxacin  oral 

1/5 

0/5 

0/5 

0/5 

1/20* 

Ileal  contents 

1.  Water  (conirol) 

4/5 

3/5 

2/4 

0/0 

9/14 

Gentamicin  oral.  24  h 

0/5 

0/5 

0/5 

0/2 

0/17* 

Gentamicin  oral.  48  h 

2/5 

3/5 

2/2 

0/0 

7/12 

Gentamicin  oral.  72  It 

2/5 

3/5 

0/0 

0/0 

5/10 

Gentamicin  im.  24  h 

1/5 

2/5 

0/5 

0/3 

3/18* 

Ofloxacin  oral 

0/5 

0/5 

1/5 

0/4 

1/19* 

2.  Water  (control) 

2/5 

3/5 

3/4 

0/0 

8/14 

Gentamicin  oral.  24  h 

0/5 

1/5 

0/5 

0/2 

1/17* 

Gentamicin  oral.  48  h 

2/5 

3/5 

1/2 

0/0 

6/12 

Gentamicin  oral.  72  h 

3/5 

3/5 

0/0 

0/0 

6/10 

Gentamicin  im.  24  h 

2/5 

2/5 

0/5 

0/3 

4/18* 

Ofloxacin  oral 

0/5 

0/5 

0/5 

0/4 

0/19* 

NOTE,  im  •  iniramuKular.  Dau  are  no.  or  animals  wiiti  baclena/numher 
sludiciJ. 

•  /*  <  .05  compared  with  conirol. 
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decontamination  may  prevent  fatal  bacteremia  with  gram¬ 
negative  organisms. 

Selective  decontamination  of  the  gut  with  orally  adminis¬ 
tered  quinolones  prevents  sepsis  in  immunocompromised 
hosts  and  manages  septic  episodes  in  neutropenic  patients 
(10-12],  The  availability  of  an  oral  route  of  administration, 
the  long  half-life  of  ofloxacin,  which  allows  daily  administra¬ 
tion  |l6j.  the  ability  to  selectively  inhibit  potential  patho¬ 
gens  in  the  gut.  and  the  ability  to  treat  systemic  infection 
make  the  quinolones  promising  agents  for  oral  therapy  for 
orally  acquired  P.  aeruginosa  and  other  gram-negative  infec¬ 
tions  in  irradiated  hosts. 
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Bruley  DES  Varannes,  S.,  M.  Mizrahi,  and  A.  Dubois. 
Relation  between  postprandial  gastric  emptying  and  cutaneous 
electrogastrogram  in  primates.  Am.  J.  Physiol.  261  (Gastroin- 
test.  Liver  Physiol.  24):  G248-G255,  1991.— The  relation  be¬ 
tween  the  cutaneous  electrogastrogram  (EGG)  and  gastric  emp¬ 
tying  was  investigated  in  six  rhesus  monkeys.  Gastric  emptying 
was  measured  using  scintigraphy  after  administration  of  two 
80-ml  mixed  solid  liquid  meals  (1.5  and  5.0  kcal/kg)  tagged 
with  ”'"Tc-sulfur  colloid  and  ‘"Tn-diethylenetriamine  penta- 
acetic  acid.  Six  epigastric  bipolar  recordings  of  the  EGG  were 
concurrently  obtained,  digitized,  and  band-pass  filtered.  Por¬ 
tions  of  the  signal  with  motion  artifacts  were  automatically 
detected  and  excluded  using  two  microwave  motion  sensors. 
During  the  early  postprandial  period,  gastric  emptying  was 
greater  after  the  1.5-kcal/kg  meal  than  after  the  5-kcal/kg 
meal,  and  EGG  amplitude  increased  significantly  compared 
with  fasting  only  after  the  1.5-kcal/kg  meal.  Both  emptying 
and  EGG  amplitude  subsequently  decreased  after  the  1.5-kcal/ 
kg  meal,  whereas  these  two  parameters  increased  after  the  5- 
kcal/kg  meal.  As  a  result,  EGG  amplitude  was  significantly 
correlated  with  gastric  emptying  of  solids  in  all  six  animals.  In 
contrast,  EGG  frequency  was  not  significantly  different  be¬ 
tween  the  two  meals  and  was  not  correlated  with  emptying. 
These  results  indicate  that  both  the  EGG  and  gastric  emptying 
are  modified  differently  by  meals  with  different  caloric  contents 
and  that  the  EGG  may  represent  a  useful,  although  indirect, 
index  of  gastric  emptying. 

emptying  of  solids;  emptying  of  liquids;  caloric  meals;  gastric 
motility 


ANTRAL  MECHANICAL  ACTIVITY  is  known  to  increase 
markedly  after  mixed  meals,  and  this  increase  is  directly 
correlated  with  gastric  emptying  of  radiolabeled  solids 
(2, 12).  In  addition,  emptying  of  liquids  is  believed  to  be 
determined  by  the  pressure  gradient  between  stomach 
and  duodenum  as  well  as  by  coordinated  motor  events 
involving  stomach,  pylorus,  and  duodenum  (4,  8,  20). 
Because  various  normal  and  abnormal  patterns  of  gastric 
contractility  may  be  responsible  for  different  rates  of 
emptying,  it  is  important  to  further  develop  clinically 
applicable  methods  to  measure  gastric  motility. 

Intraluminal  manometry  permits  the  evaluation  of 
fasting  and  postprandial  distal  antral  motility  (2),  but 
this  technique  is  invasive  and  difficult  to  use  in  unanes¬ 
thetized  animals.  In  addition,  because  the  stomach  is  a 
cavity  that  may  be  filled  with  variable  and  possibly  large 


volumes  of  fluids,  solids,  and  air,  the  Pascal  principle 
predicts  that  intraluminal  manometry  does  not  provide 
reliable  recording  of  the  contractile  activity  of  the  prox¬ 
imal  stomach  (35).  The  electrical  activity  recorded  from 
the  stomach  is  thought  to  reflect  neuromuscular  events 
that  control  gastric  motility.  In  healthy  primates,  several 
types  of  electrical  and  mechanical  activities  can  be  re¬ 
corded:  the  proximal  stomach  exhibits  small  electrical 
fluctuations  at  1/min  and  concurrent  tonic  contractions, 
but  propagated  phasic  contractions  have  not  been  de¬ 
tected  (18).  The  mid-  and  distal  stomach  generate  elec¬ 
trical  potentials  at  ~3/min  that  are  called  slow  waves  or 
electrical  control  activity  (EGA).  In  addition,  fast  elec¬ 
trical  potentials  called  spikes  or  electrical  response  activ¬ 
ity  (ERA)  may  be  superimposed  onto  the  EGA.  The  ERA, 
but  not  the  EGA,  is  accompanied  by  detectable  phasic 
contractions  that  propagate  in  an  aboral  direction  (29). 
However,  serosal  recording  of  gastric  electrical  activity 
requires  surgical  implantation  of  electrodes,  which  is 
feasible  in  animals  but  is  rarely  possible  in  humans.  The 
use  of  suction  electrodes  and  magnetic  force  maintaining 
intraluminal  electrodes  in  contact  with  the  gastric  mu¬ 
cosa  has  been  proposed  (1),  but  these  techniques  are 
invasive  and  may  modify  gastric  motility. 

Gutaneous  electrogastrography  (EGG)  has  been  shown 
to  reflect  accurately  both  the  electrical  and  mechanical 
activity  of  the  stomach  (26)  and  therefore  represents  an 
attractive  alternative  to  serosal  or  mucosal  gastric  elec¬ 
tromyography.  However,  the  exact  nature  of  this  type  of 
recording  remains  controversial,  and  its  precise  quanti¬ 
tation  has  been  difficult.  Finally,  the  exact  relation  be¬ 
tween  the  EGG  and  gastric  emptying  is  unknown. 

We  therefore  obtained  multidirectional  recordings  of 
the  cutaneous  EGG  and  simultaneously  measured  gastric 
emptying  of  solids  and  liquids  using  scintigraphy.  We 
determined  1)  whether  meals  with  different  emptying 
rates  induce  different  gastric  electrical  activities  that 
could  be  detected  using  the  cutaneous  EGG  and  2) 
whether  the  EGG  is  correlated  with  gastric  emptying  of 
solids  and/or  liquids.  We  observed  that  gastric  emptying 
and  the  amplitude  of  the  cutaneous  EGG  follow  a  similar 
time  course  after  two  meals  with  different  caloric  con¬ 
tents  and  that  these  parameters  were  significantly  cor¬ 
related  in  most  animals. 
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MATERIALS  AND  METHODS 

Animals.  Six  male  3-  to  5-yr-old  purpose-bred  domestic 
rnesus  monkeys,  Macaca  mulatta  (wt  3-5  kg),  were  trans¬ 
ferred  to  our  fecilily.  Upon  arrival,  they  were  housed  in 
individual  stainless  steel  cages  in  conventional  holding 
rooms  of  an  American  Association  for  Accreditation  of 
Laboratory  of  Animal  Care  (AAALAC)-accredited  ani¬ 
mal  facility,  where  they  were  quarantined  for  45  days. 
Monkeys  were  provided  with  tap  water  ad  libitum,  com¬ 
mercial  primate  chow,  and  fruits.  After  they  had  three 
negative  tuberculosis  tests  performed  2  wk  apart,  two  4- 
h  habituation  sessions  were  held.  During  those  sessions, 
as  well  as  during  subsequent  studies,  animals  were  seated 
in  a  primate  restiaining  chair  placed  inside  a  ventilated, 
lighted,  and  sound-absorbing  booth  tha.  had  the  rear 
side  cut  to  position  a  gamma  camera  close  tj  the  monkey. 
Studies  were  performed  between  8:00  A.M.  and  ’  ?.•(  0  P.M. 
after  an  18-h  fast  and  at  intervals  of  At  least  4  dayc 

Cutaneous  electrogastrogram.  Six  adhe?  ve  cutar;tou« 
electrodes  (Ag-AgCl,  Red  Doc,  PM,  St  P<ul.  tM)  -ire 
placed  on  the  epigastric  area  that  had  been 
shaved  and  cleaned  vvit!'  alcohol.  A  drop  of  eiocuude 
paste  (EKGsol,  Tleck-.^ee,  P  lix  Scien.if.c,  Rochester, 
NY)  was  poured  onto  ti  g  electrodes  that  <  e  oositioned 
2.5  cm  apart  in  a  ,:-..<n3l  conugutan  ..  h  seventh 
electrode  wac  placed  if  th  •  "nter  of  vuv,  1-  x.-gon  and 
used  ds  the  reference  (fi  .1).  The  electrodes  were  held 
in  place  using  a  ’arge  a'  nesive  tapo  wrat.j'.ed  around  the 
abdomen.  In  ad'  itio.''  a  grounding  ele  trode  was  placed 
on  the  left  leg.  iht  -iectiodes  were  att-  rhed  t.  lead 
selector  box  inter t’  a  muluo  ine.  .R  i-  re¬ 
corder  amplifier  'f.  nsonr.;  Auahemi,  O  i.,  r- rid¬ 
ing  bipolar  recordings  betwoen  e<.o:  of  the  si:  pe  nheral 
electrodes  and  the  central  one-  (channels  l-VI).  i.i  addi¬ 
tion,  the  movements  of  the  monkey  were  detected  using 
two  microwave  motion  censors  (model  D7,  Microwave 
Sensors,  Ann  Arbor  MI),  rewired  as  (ireviousv  described 
(24)  and  placed  cn  either  side  o(  the  monkey  inside  th  > 
booth  (Fig.  2). 


FIG.  1.  Positions  of  cutaneous  electrodes  used  to  record  electrogas- 
trograni  from  epigastric  area.  Central  electrode  was  used  as  a  reference 
to  obtain  6  bipolar  recordings. 


The  two  motion  signals  .nnd  the  six  EGG  channels 
were  low-pass  filtered  at  30  'z  but  not  high-pass  filtered 
(DC-30  ilz),  amplified,  dis*  .ayed  on  paper,  and  taped 
using  a  multichannel  ana)""'  recorder  (model  PR2230, 
Ampex,  Redwood  City,  CA,  for  subsequent  digitization 
and  computer  analysis.  Befo  re  and  after  each  session,  a 
1-mV  sinusoidal  signal  (fi  ..uency  3  cycles/min)  pro¬ 
duced  by  a  sine-wave  genet  .lor  (model  5100,  Wavetek, 
San  Diego,  CA)  was  recorfet  for  subsequent  calibration 
of  the  six  EGG  channels. 

Experimental  procedure.  A  10-Fr  double-lumen  naso¬ 
gastric  Ventrol  Levine  tube  (National  Catheter,  Mai- 
linckrodt,  Argyle,  NY)  was  in: reduced  into  the  stomach. 
Proper  positioning  was  verified  by  aspirating  3  ml  of  the 
gastric  contents;  if  <3  ml  of  Luid  were  obtained,  a  water 
recovery  test  was  performed  v  dh  5  ml,  and  the  position 
of  the  tube  was  adjusted  accord:  ,  igly.  The  seated  monkey 
was  then  placed  in  the  booth  dt  scribed  above.  The  chair 
could  be  rotated  on  its  vertical  axis,  permitting  the 
,  sitioning  of  the  monkey  with  either  its  front  or  its 
back  facing  a  gamma  camera.  Tv  o  video  cameras  allowed 
continuous  observation  of  the  monkey  on  a  video  monitor 
without  opening  the  booth.  After  a  1-h  basal  recording 
of  the  E(jG  was  obtained,  the  door  of  the  booth  was 
opened  and  one  of  two  80-ml  mixed  solid-liquid  meals  at 
20°C  was  administered  intragastrically  in  2  min  through 
the  nasogastric  tube.  The  tube  was  then  removed  and 
the  door  was  closed. 

Pest  meals.  The  meals  were  either  Li  a  low-caloric 
ficai  (LCM)  (1.5  kcal/kg),  prepared  by  adding  40  ml  of 
tap  water  to  40  ml  of  radiolabeled  chicken  liver  ground 
to  1-  to  2-mm-diam  particles  and  suspended  in  tap  water 
(5)  (caloric  composition:  proteins  64%,  3.6  kcal;  lipids 
27%,  1.5  kcal;  carbohydrates  9%,  0.5  kcal);  or  2)  a  high- 
caloric  meal  (HCM)  (5  kcal/kg)  made  of  two  bouillon 
cubes  (Wyler)  diluted  in  40  ml  of  water  added  to  the  40 
ml  isotopic  meal  (caloric  composition:  proteins  31%,  5.9 
kcal;  lipids  25%,  4.8  kcal;  carbohydrates  44%,  8.5  kcal). 

Measurement  of  gastric  emptying.  The  solid  phase  of 
the  meal  was  tagged  according  to  the  method  of  Wirth 
et  al.  (34)  and  vv-.s  composed  of  1.2  g  chicken  liver  and 
0.5  mCi  of  ®®'"Tc-&ulfur  colloid  bound  to  0.5  g  for  analytic- 
grade  cation  exchange  resin  with  a  diameter  from  0.3  to 
0.85  mm  (Chelex-100,  Bio-Rad  Laboratories,  Richmond, 
CA).  The  average  labeling  efficiency  was  98.5%,  and  the 
in  vitro  stability  was  >99%,  with  an  average  loss  of  0.7% 
of  the  total  activity  in  simulated  gastric  fluid.  Animal 
studies  have  also  demonstrated  the  in  vivo  stability  of 
the  binding,  with  an  average  of  0.045%  of  the  adminis¬ 
tered  ^^"’Tc  appearing  in  the  blood  at  1  h  and  0.41% 
appearing  in  the  24-h  urine  collection  (34).  Initial  vali¬ 
dation  studies  using  *"In-sulfur  colloid-tagged  chicken 
liver  concurrently  with  the  ®®'"Tc-sulfur  colloid-tagged 
resin  showed  identical  emptying  curves  of  the  two  mark¬ 
ers.  The  liquid  phase  (40  ml  of  water)  was  tagged  with 
0.1  mCi  of  "‘In-diethylenetriamine  pentaacetic  acid  (5). 

Images  were  acquired  using  a  gamma  camera  (Pho/ 
Gamma  HP,  Nuclear-Chicago,  Searle,  Chicago,  IL)  and 
a  medium  energy  collimator  with  a  20%  window  around 
the  140-keV  peak  for  the  ^^'"Tc  activity  and  a  20% 
window  around  the  247-keV  peak  for  the  "‘In  activity. 
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KiG.  2.  Example  of  recordings  obt.ained  during 
present  experiments.  Top-.  EGG  recorded  before 
(kft)  and  5  min  after  (right)  a  mixed  liquid-solid 
meal.  Middle:  same  signals  after  digital  filtering 
(0.02-0.11  Hz);  +,  peak  of  each  wave  as  detected 
using  software.  Bottom:  concurrent  recording  of 
movements  (incluaing  respiration)  of  animal.  Thick 
black  lines  derine  windows  during  which  no  motion 
artifacts  are  present.  Note  that  motion  artifacts 
occasionally  appear  to  increase  the  amplitude  of  the 
EGG  or  to  modify  the  shaite  of  the  wave. 


One  minute  anterior  and  posterior  images  were  obtained 
at  2,  5,  10,  13,  16,  and  20  min  after  the  administration  of 
the  meal  and  at  10-min  intervals  during  the  subsequent 
160  min.  Data  were  stored  on-line  on  a  computer  (Med¬ 
ical  Data  System  A’’,  Ann  Arhor,  MI)  for  subsequent 
analysis. 

Gastric  emptying  was  analyzed  using  a  previously  de¬ 
scribed  method  (5).  Briefly,  gastric  and  intestinal  out¬ 
lines  were  defined  as  the  regions  of  interest  in  sequential 
scans,  and  the  activity  of  each  isotope  was  determined 
within  these  areas.  Corrections  were  made  for  ®®"'Tc 
decay  and  for  Compton  scatter  from  "'In  into  the  ®®'"Tc 
window.  The  geometric  mean  over  anterior  and  posterior 
activities  was  calculated,  and  the  percentage  of  each 
phase  of  the  meal  remaining  in  the  stomach  was  ex¬ 
pressed  as  the  ratio  of  the  stomach  activity  divided  by 
the  sum  of  the  gastric  and  intestinal  activities  (Fig.  3,  A 
and  B).  Gastric  emptying  of  solids  and  liquids  was  then 
expressed  in  three  (different  manners. 


First,  curve  fitting  of  the  entire  emptying  of  liquids 
and  solids  was  performed  using  the  Weibull  function 
(32),  also  described  as  the  power  exponential  model  (6), 
and  using  the  equation 

X,  =  2-<'/''«>'* 

where  x,  is  the  amount  of  marker  present  in  the  stomach 
at  time  t,  t./,  is  the  half-emptying  time,  and  P  reflects  the 
shape  of  the  curve.  We  then  calculated  the  fractional 
emptying  rate  (FER)  using  the  equation 

FER  =  (0.5) 

Second,  because  we  were  interested  in  evaluating  the 
relation  between  the  EGG  and  gastric  emptying  in  a 
minute-by-minute  fashion,  we  calculated  the  FER  for 
each  3-  to  10-min  time  interval  using  the  following  linear 
function 

FER  =  [(x,,  -  x,,.,)/x,.  X  100]/(l,+i  -  t,) 
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KIG.  3.  Percentage  of  marker  remain¬ 
ing  in  stomach  (A  and  B)  and  (...ctional 
emptying  rate  (C  and  D)  for  liquids  and 
solids  in  6  rhesus  monkeys  after  admin¬ 
istration  of  LCM  (1.5-kcal/kg  meal;  a) 
and  HCM  (5.0-kcai/kg  meal;  /t).  Values 
are  means  ±  SE.  LCM  compared  with 
HCM;  *  P  <  0.01;  t  P  <  0.05. 
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where  x,^  and  jc,,.,  are  the  percentages  remaining  in  the 
stomach  at  times  (.  and  respectively.  Because  this 
linear  function  was  used  only  for  short  (3-10  min)  inter¬ 
vals,  these  values  of  “linear”  FERs  are  very  similar  to 
those  that  would  be  calculated  using  the  equation 

FER  =  (ln(jc,,,,/.r,,)  X  100]/{tH.  -  t.) 

In  addition,  when  the  complete  curve  is  considered,  a 
series  of  straight  lines  satisfactorily  approximate  an  ex- 
po.aential  curve  (discrete  calculation  method).  The  av¬ 
erage  FER  was  then  calculated  for  each  30-min-period 
(Fig.  3.  C  and  D). 

Analysis  of  EGG.  The  taped  signals  were  digitized  at  2 
Hz  with  a  1-Hz  low-pass  analog  filter  (model  3342, 
Krohn-Hite,  Avon,  MA)  for  the  six  EGG  channels  and 
at  20  Hz  with  a  10-Hz  low-pass  analog  filter  for  the  sum 
of  the  two  motion  signals.  Each  digitized  EGG  channel 
was  then  band-pass  filtered  with  an  optimal  finite  im¬ 
pulse  response  filter  (0.02-0.11  Hz,  i.e.,  1.20-6.60  cycles/ 
min),  designed  using  the  Remez  exchange  algorithm  (22) 
and  converted  to  millivolts  using  the  previously  recorded 
calibration  signals.  EGG  peaks  were  detected  in  the 
filtered  signal  using  a  Compaq  386/20  computer  IHous- 
ton,  TX),  with  the  Xenix  operating  system  (Santa  Cruz 
Operations,  Santa  Cruz,  CA)  and  locally  developed  soft¬ 
ware  (Fig.  2)  (9).  The  software  locates  peaks  by  dete^'ting 
increasing  and  decreasing  trends  in  a  signal.  The  points 
at  which  these  trends  change  are  the  peak  begin  point, 
end  point,  and  crest.  A  trend  is  defined  as  a  user-specified 
minimum  number  of  consecutive  local  changes.  A  local 
change  is  considered  to  occur  when  a  point  is  less  than 
the  local  minimum  or  greater  than  the  local  maximum 
plus  a  user-specified  minimum  increase. 

The  sum  of  the  two  motion  signals  was  used  to  select 
the  periods  of  the  EGG  signals  that  lasted  at  least  1  min, 
did  not  contain  motion  artifacts,  and  could  be  reliably 
analyzed  (Fig.  2).  After  the  detection  of  the  end  of  a 
motion  artifact,  the  next  period  started  5  s  later  so  as  to 
discard  any  residual  abnormality  in  the  EGG  signal 
because  of  this  last  motion.  An  interval  of  5  s  was  chosen 
after  carefully  examining  initial  recordings  and  demon¬ 
strating  to  our  satisfaction  that  all  tracings  had  returned 
to  baseline  within  that  time  interval.  Automatic  analysis 
of  the  peaks  detected  in  each  artifact-free  period  was 
performed  in  each  of  the  six  EGG  channels,  providing 
the  mean  instantaneous  frequency  (reciprocal  of  the 
distance  between  two  peaks)  and  the  amplitude  of  each 
peak.  The  weighted  mean  of  each  of  these  parameters 
was  then  calculated  for  each  10-  and  30-min  interval 
(Figs.  4-6).  All  recordings  were  visually  inspected  to 
verify  that  no  artifact  remained  in  any  selected  period. 
Because  the  absolute  value  of  EGG  amplitude  is  influ¬ 
enced  by  exogenous  factors  such  as  electrode-skin  resist¬ 
ance,  tissue  conductivity,  and  electrode  distance  to  the 
stomach  (7,  10),  basal  values  (Table  1)  were  subtracted 
from  postprandial  values  to  obtain  the  change  (A)  in 
frequency  and  amplitude  for  each  time  interval  (Figs.  4- 
6). 

Statistical  analysis.  Results  were  expressed  as  means 
±  SE.  An  analysis  of  variance  with  repeated  measures 
(33)  was  used  to  determine  the  cTects  due  to  meal,  time. 
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KIG.  •).  Mean  EGG  ^amplitude  in  6  rhesus  monkey.s  after  admin¬ 
istration  of  LCM  (l.-i-k’-al/kg  meal;  *)  and  HCM  (5.0-keai/kg  meal; 
A).  Fasting  values  were  subtracted  from  postprandial  values  and  these 
calculated  Aainplitudes  are  represented  as  means  ±  SE. "  /’  <  0.05  for 
LCM  compared  with  fasting,  <  0.0.5  for  HCM  compared  wiih 
fasting.  LCM  compared  with  HCM:  *  P  <  0.01;  t  P  <  0.05. 

or  channel  on  the  time  courses  of  emptying  and  EGG 
parameters.  This  statistical  method  takes  into  account 
the  fact  that  measurements  are  repeated  in  the  same 
animals  over  time  by  establishing  a  distinction  between 
a  factor  that  classifies  the  subjects  into  groups  (grouping 
factor)  and  a  factor  for  which  each  subject  is  measured 
at  all  levels  (within-subject  factor).  Computer  implemen¬ 
tation  of  this  statistical  method  was  performed  using 
locally  developed  programs.  For  the  EGG,  analysis  of 
variance  was  performed  first  on  the  average  of  the  six 
channels  determined  in  each  animal  (1  value/animal,  6 
values/meal)  and  second  on  all  six  channels  considered 
simultaneously  in  each  monkey  (6  values/animal,  36 
values/meal).  This  latter  approach  permitted  subsequent 
testing  of  the  effect  of  meal  and  time  for  each  channel 
individually.  A  priori  analysis  (i.e.,  a  test  that  is  planned 
before  collection  of  data)  was  conducted  to  examine  the 
statistical  significance  of  the  effect  of  the  meal  at  time  t, 
(simple  effect  of  meals  at  each  time).  The  significance  of 
the  difference  of  an  EGG  parameter  after  a  meal  com¬ 
pared  with  fasting  was  assessed  using  Dunnett’s  method 
for  a  posteriori  multiple  comparisons  of  individual  mean 
values  with  a  control  (33). 

In  each  monkey,  a  joint  multivariate  normal  distribu¬ 
tion  of  the  variables  was  assumed  to  calculate  an  un¬ 
biased  minimum  variance  estimate  of  the  multiple  cor¬ 
relation  coefficient  between  FER  and  all  six  EGG  chan¬ 
nels  taken  concurrently  (33).  This  coefficient  is  an 
estimate  of  the  maximum  correlation  that  can  be  at¬ 
tained  between  one  variable  (i.e.,  FER  for  each  interval) 
and  a  linear  combination  of  other  variables  (i.e.,  EGG 
amplitude  in  channels  I-VI  for  the  corresponding  inter¬ 
vals).  No  weighting  factors  were  applied  among  channels. 

RESULTS 

Effect  of  meals  on  gastric  emptying.  Emptying  of  liquids 
tended  to  be  exponential  after  LCM  and  was  approxi- 


mately  linear  after  HCM.  The  mean  percentage  of  liquids 
remaining  in  the  stomach  after  HCM  was  significantly 
higher  compared  with  LCM  from  16  to  180  min  (P  < 
0.05;  Fig.  3A).  FER,  when  calculated  for  the  entire  curve 
using  the  power  exponential  model,  was  significantly  less 
after  HCM  than  after  LCM  (0.36  ±  0.08  vs.  2.99  ±  1.18%/ 
min;  P  <  0,05).  In  addition,  the  coefficient  /3  (represent¬ 
ing  the  shape  of  the  curve,  especially  during  initial  emp¬ 
tying)  tended  to  be  greater  after  HCM  than  after  LCM, 
but  the  difference  was  not  statistically  significant  (1.35 
±  0.22  vs.  0.84  ±  0.09;  NS).  Finally,  the  time  course  of 
emptying  after  the  two  meals  was  different:  FER  was 
significanily  less  after  HCM  than  after  LCM  only  from 
0  to  60  min  (P  <  0.05;  Fig.  3C),  whereas  it  was  similar 
after  the  two  meals  from  90  to  180  min. 

Gastric  emptying  of  solids  was  nonlinear  after  both 
meals.  The  percentage  of  solid  markers  remaining  in  the 
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FIG.  6.  Mean  EGG  Afrequency  in  6  rhesus  monkeys  after  adminis¬ 
tration  of  a  1.5-  (a)  and  a  5.0-kcal/kg  meal  {&,).  Fasting  values  were 
subtracted  from  postprandial  values,  and  these  calculated  Afrequencies 
were  averaged  in  each  monkey.  Mean  EGG  Afrequencies  were  then 
calculated  for  group  of  6  monkeys  and  are  represented  as  means  ±  SE. 


stomach  was  significantly  greater  after  HCM  than  after 
LCM  from  30  to  100  min  (Fig.  3B).  However,  parameters 
for  emptying  were  not  significantly  different  between  the 
two  meals  when  FER  calculated  for  the  entire  emptying 
curve  (0.42  ±  0.22  vs.  0.26  ±  0.09;  NS)  and  coefficient  /? 
(1.69  ±  0.74  vs.  2.73  ±  0.86;  N3)  were  used.  In  contrast, 
FER  was  significantly  (P  <  0.05)  greater  after  LCM  than 
after  HCM  from  0  to  30  min  (Fig.  3JD),  and  FER  de¬ 
creased  wit*’  time  after  LCM  and  increased  with  time 
after  HCM. 

Fasting  cutaneous  EGG.  As  shown  in  Table  1,  values 
for  EGG  parameters  during  fasting  did  not  vary  signifi¬ 
cantly  among  channels,  although  EGG  amplitude  was 
greatest  in  channel  II  and  smallest  in  channel  IV. 

Effects  of  LCM  on  cutaneous  EGG.  Both  average  Aam- 
plitude  (i.e.,  the  average  of  the  means  of  the  6  channels 
in  each  animal)  and  Aamplitudo  in  channel  III  increased 
significantly  (P  <  0.05)  during  the  first  30  min  after 
LCM  compared  with  fasting  and  returned  toward  0  from 
30  to  180  min  (Figs.  4  and  5,  denoted  by  a).  There  was 
no  statistically  significant  variation  of  either  average  or 
channel  Afrequency  after  LCM  (Fig.  6). 


TABLE  1.  Fasting  EGG  parameters 


Channel 

Frequency, 

cpm 

Amplitude, 

pV 

1 

3.79±0.14 

143±33 

II 

3.80±0.18 

156±37 

III 

3.79+0.15 

124±20 

IV 

3.83+0.13 

83+28 

V 

4.09+0.19 

139±33 

VI 

4.13+0.24 

131+29 

Avg 

3.90±0.08 

131+29 

Values  are  means  ±  SE  of  values  obtained  in  6  monkeys  on  6 
cutaneous  bipolar  derivations  (channels  I-VI;  see  Fig.  1  for  disposition). 
Averages  were  obtained  by  calculating  means  of  6  channels  in  each 
animal  and  then  average  (±  SE)  of  these  means. 
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Effects  of  HCM  on  cutaneous  EGG.  Average  and  chan¬ 
nel  I  and  II  Aamplitude  increased  significantly  (P  <  0.05) 
compared  with  fasting  from  120  to  180  min  after  HCM 
(Figs.  4  and  5,  denoted  by  b).  In  addition,  a  significant 
increase  compared  with  that  after  fasting  was  observed 
in  channel  III  from  150  to  180  min  and  in  channel  VI 
from  120  to  150  min  (Fig.  5,  denoted  by  b).  There  was 
no  statistically  significant  variation  of  either  average  or 
individual  channel  Afrequency  after  HCM  (Fig.  6). 

Difference  between  EGGs  after  two  meals.  Average  and 
channel  V  and  VI  Aamplitude  was  significantly  greater 
after  HCM  than  after  LCM  from  90  to  180  min  (Figs.  4 
and  5).  In  addition,  a  significant  difference  was  observed 
between  the  two  meals  from  120  to  180  min  in  channels 
I-IV  (Fig.  5).  Neither  average  nor  channel  Afrequency 
was  significantly  different  between  the  two  meals  (Fig. 
6). 

Correlations  between  PER  and  EGG  parameters.  EGG 
Aamplitude  was  significantly  correlated  with  FER  in  all 
six  monkeys  for  solids  and  in  three  of  six  monkeys  for 
liquids  (Table  2).  EGG  Afrequency  was  significantly 
correlated  with  FER  in  two  of  the  >"'■  "ke.*  ‘or  both 
solids  and  liquids. 

DISCUSSION 

Increasing  the  caloric  contents  of  a  meal  has  been 
shown  to  slow  gastric  emptying  of  both  solids  and  liquids 
(13,  19).  However,  the  exact  role  of  gastric  motility  in 
the  regulation  of  gastric  emptying  after  mixed  meals  with 
various  caloric  loads  remains  unclear.  After  solid  meals 
containing  a  fixed  amount  of  calories,  the  average  antral 
motility  index  was  found  to  be  directly  correlated  with 
emptying  of  solids  and  inversely  correlated  with  the 
duration  of  the  lag  phase  for  emptying  of  solids  (2).  In 
addition,  the  rate  of  coordinated  antral  contractions  was 
inversely  correlated  with  the  half  time  for  emptying  of 
solids  (e.xcluding  the  lag  phase)  (12).  To  further  study 
the  relation  between  emptying  and  gastric  motility,  we 
determined  concurrently  the  time  courses  of  emptying 
and  EGG  amplitude. 

The  EGG  is  believed  to  represent  gastric  motility, 
because  experiments  in  which  serosal  or  mucosal  elec¬ 
trodes  were  used  concurrently  with  cutaneous  electrodes 
demonstrated  the  gastric  origin  of  the  3/min  component 
of  the  EGG  (10,  16,  26,  27).  Furthermore,  both  EGG 
amplitude  and  gastric  motor  activity  increase  at  the  time 
of  appearance  of  ERA,  which  reflects  mechanical  activity 


TABLE  2.  Correlation  coefficients  between  fractional 
emptying  rate  and  EGG  amplitude 


Monkey  No, 

1 

2 

3 

•/ 

5 

6 

Solids 

0.48* 

0.73* 

0.48* 

0.47* 

0.51* 

0.68* 

Liquids 

0.21 

<0.10 

<0.10 

0.56* 

0.73* 

0.49* 

df 

31 

25 

26 

32 

26 

32 

Note  that  degrees  of  freedom  (dO  vary  among  animals  because  some 
intervals  have  no  artifact-free  windov/s  for  EGG  in  some  monkeys.  *  P 
<0.01. 


(7,  10,  14,  26,  27).  These  observations  were  recently 
confirmed  clinically  by  showing  that  the  3/min  activity 
disappeared  after  gastrectomy  but  not  after  colectomy 
(21). 

The  major  technical  difficulty  that  precluded  extensive 
utilization  of  the  cutaneous  EGG  in  animals  and  in 
humans  is  its  sensitivity  to  motion  artifacts.  Because 
this  problem  is  most  prominent  with  monopolar  record¬ 
ings,  we  obtained  bipolar  recordings  as  suggested  by  Van 
der  Schee  et  al.  (31).  In  addition,  we  used  high-quality 
digital  filtering  to  eliminate  low-  and  high-frequency 
noise  (10).  Even  so,  we  found  that  motion  artifacts 
occasionally  altered  the  EGG,  and  we  excluded  from 
analysis  the  periods  during  which  the  animal  was  not 
still.  Another  difficulty  encountered  by  previous  inves¬ 
tigators  was  to  determine  the  best  number  and  the  rela¬ 
tive  position  of  the  cutaneous  electrodes.  In  some  studies, 
recordings  were  obtained  from  the  epigastric  sites  that 
were  producing  the  highest  signal  amplitude  during  a 
basal  period  (7).  The  disadvantages  of  this  procedure  are 
that  it  may  enlarge  interstudy  variability  and  that  the 
“basal”  site  may  not  remain  important  and  relevant 
during  the  entire  session.  Therefore  we  placed  seven 
electrodes  in  a  hexagonal  (also  called  “rosette”)  config¬ 
uration  (11,  17).  This  approach  permitted  a  multidirec¬ 
tional  mapping  of  the  entire  gastric  area  and  allowed 
better  interstudy  reproducibility.  Furthermore,  the  sen¬ 
sitivity  to  interindividual  anatomic  variations  was  re¬ 
duced  because  the  positioning  of  the  electrodes  was  not 
based  on  the  quality  of  the  signal  recorded  during  fasting. 

In  the  past,  the  EGG  has  been  analyzed  using  the  fast 
Fourier  transform  technique,  thus  providing  graphic  il¬ 
lustration  of  the  predominant  frequencies  by  gray  scale 
or  pseudo-three-dimensional  running  spectrum  (28,  30). 
However,  these  techniques  seldom  provided  quantitative 
information  regarding  the  amplitude  of  the  EGG  (7).  In 
the  present  studies,  we  therefore  used  a  different  ap¬ 
proach  and  developed  a  peak  detection  program  to  deter¬ 
mine  the  amplitude  and  frequency  of  the  EGG  during  4- 
h  studies.  Using  this  time-domain  method,  we  found  that 
mean  fasting  amplitudes  (Table  1)  tended  to  be  greater 
for  the  channels  that  corresponded  approximately  to  the 
longitudinal  axis  of  the  corpus  (channels  I  and  II)  and  of 
the  antrum  (channels  V  and  VI),  although  the  difference 
was  not  statistically  significant.  After  the  meals,  EGG 
amplitude  varied  significantly  only  in  certain  channels 
and  only  at  specific  times  during  the  postprandial  period 
(Fig.  5).  These  observations  confirm  that  the  EGG  re¬ 
flects  vectorial  projections  of  gastric  activity  onto  differ¬ 
ent  axes  (17),  similar  to  the  way  the  EGG  reflects  projec¬ 
tions  of  the  electrical  activity  of  the  heart. 

To  our  knowledge,  minute-by-minute  correlation  be¬ 
tween  EGG  amplitude  and  gastric  emptying  has  not  been 
previously  investigated.  By  determining  the  FER  for 
short  intervals,  we  demonstrated  that  both  gastric  emp¬ 
tying  and  the  EGG  followed  a  time  course  that  depended 
on  the  type  of  meal.  As  illustrated  by  the  solid  and  dotted 
lines  in  Figs.  3,  C  and  D,  4,  and  5,  peak  values  for  both 
FER  and  EGG  amplitude  were  reached  during  the  im¬ 
mediate  postprandial  period  after  the  1.5-kcal/kg  meal 
(LCM)  and  between  90  and  180  min  after  the  5-kcal/kg 
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meal  (HCM).  Previous  studies  using  either  power  spec- 
truni  or  qualitative  analysis  of  recordings  obtained  in 
humans  have  also  demonstrated  significant  increases  in 
EGG  amplitude  during  the  early  emptying  period  of 
barium  or  milk  meals  (7,  10,  15).  Similar  to  our  obser¬ 
vation,  one  of  these  studies  showed  that  the  increase  in 
EGG  amplitude  was  followed  by  a  return  to  fasting  levels 
in  about  30  min  (10).  Other  studies  in  humans  showed 
increases  in  EGG  amplitude  during  the  first  35  min  (7) 
or  55  min  after  a  239-kcal  meal  (i.e.,  3.4  kcal/kg)  (31). 
In  addition,  the  different  postprandial  responses  of  the 
EGG  amplitude  that  we  observed  after  different  meals 
are  analogous  to  the  variations  of  the  gastric  motor 
activity  described  after  different  nutrient  meals  (8).  Thus 
the  early  increase  of  EGG  amplitude  after  LCM  and  the 
late  increase  of  amplitude  after  HCM  probably  reflect 
increased  gastric  mechanical  contractions  that  in  turn 
may  be  responsible  for  the  concurrent  stimulation  of 
gastric  emptying. 

Our  demonstration  of  significant  correlations  between 
FER  and  EGG  amplitude  in  a  majority  of  animals  agrees 
with  the  observation  of  postprandial  increases  in  me¬ 
chanical  responses  measured  using  intraluminal  antral 
manometry  (2)  or  implanted  force  transducers  (8).  Sim¬ 
ilarly,  our  finding  that  the  frequency  of  the  EGG  was  not 
significantly  modified  postprandially  confirms  observa¬ 
tions  in  humans  immediately  after  a  barium  or  a  nutritive 
meal  using  fast  Fourier  transform  and  visual  analysis 
(14,  15).  However,  others  observed  a  short-lasting  post- 
cibal  decrease  in  frequency  when  using  running  spectrum 
analysis  of  EGGs  obtained  in  humans  (7,  31).  This 
discrepancy  could  be  due  to  differences  in  methodology' 
or  to  the  fact  that  we  analyzed  our  results  in  30-min 
intervals,  which  may  average  out  an  early  and  short- 
lasting  change  in  frequency.  The  observation  that  am¬ 
plitude  was  increased  and  frequency  tended  to  be  de¬ 
creased  90  min  after  HCM  (Figs.  4-6)  may  be  related  to 
the  progressive  occurrence  of  stronger  antral  contrac¬ 
tions,  because  a  similar  association  was  seen  in  dogs  both 
during  fasting  (25,  27,  30)  and  after  solid  nutrient  meals 
(8,  27). 

In  summary,  the  present  study  documents  the  signifi¬ 
cant  differences  in  the  cutaneous  EGG  after  two  mixed 
solid-liquid  caloric  meals  that  empty  at  different  rates, 
which  indicate  that  the  amplitude  of  postprandial  EGG 
depends  on  the  nutrient  content  of  the  meal.  In  addition, 
our  observations  that  the  amplitude  of  the  EGG  is  sig¬ 
nificantly  correlated  with  emptying  indicates  that  further 
investigations  are  warranted  to  explore  the  possibility  of 
using  this  noninvasive  method  for  the  study  of  gastric 
emptying. 
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Double-strand  break  (dsb)  induction  and  rejoining  after  ionizing  radiation  was 
analysed  in  Deinococcus  radiodurans  and  a  radiosensitive  mutant  by  pulsed-field 
gel  electrophoresis.  Following  2kGy,  migration  of  genomic  DNA  (not  restric¬ 
tion  cleaved)  from  the  plug  into  the  gel  was  extensive,  but  was  not  observed  after 
90  min  postirradiation  recovery.  By  this  time  D.  radiodurans  chromosomes  were 
intact,  as  demonstrated  by  restoration  of  the  Not  1  restriction  cleavage  pattern  of 
1 1  bands,  which  we  found  to  be  the  characteristic  pattern  in  unirradiated  cells. 
Following  the  higher  exposure  of  4kGy,  dsb  rejoining  took  approximately 
180  min,  twice  as  long  as  required  following  the  2  kGy  exposure.  Restoration  of 
dsb  in  the  radiosensitive  mutant  strain  112,  which  appears  to  be  defective  in 
recombination,  was  markidly  retarded  at  both  2  and  4 kGy.  'Fhe  Not  1 
restriction  fragments  of  wild-type  D.  radiodurans  and  the  radiosensitive  mutant 
were  identical,  totaling  3-58  Mbp,  equivalent  to  2'36xl0®  daltons  per 
chromosome 


1.  Introduction 

Members  of  the  genus  Deinococcus  are  extremely  resistant  to  ionizing  radiation 
(Moseley  1983,  Murray  1986).  D.  radiodurans  (formerly  Micrococcus  radiodurans, 
Brooks  and  Murray  1981)  the  most-studied  species  of  this  group,  can  tolerate 
several  hundred  double-strand  breaks  (dsb)  per  chromosome  without  any  loss  of 
viability  or  mutagenesis  (Moseley  1983).  Highly  efficient  dsb  rejoining  in  this 
organism  has  been  demonstrated  by  DNA  viscosity  measurements  (Dean  et  al. 
1966)  and  neutral  sucrose  velocity  sedimentation  (Kitayama  and  Matsuyama  1968 
and  1971). 

Recently,  pulsed  field  gel  electrophoresis  (PFGE)  has  been  employed  to  detect 
dsb  in  high  molecular  weight  DNA  (Contopoulou  el  al.  1987,  Blocher  et  al.  1989, 
Ager  et  al.  1990,  Stamato  and  Denko  1990).  The  various  PFGE  configurations  have 
in  common  frequent  alternations  in  the  direction  of  the  electric  field.  This  permits 
resolution  of  larger  DNA  molecules  than  conventional  gel  electrophoresis,  because 
the  time  required  for  the  DNA  to  re-orient  before  it  can  migrate  in  the  direction  of 
the  second  electric  field  is  a  sensitive  index  of  size  for  large  DNA  molecules  (Lai 
et  al.  1989).  Resolution  of  the  intact  yeast  chromosomes  by  PFGE  permitted 

§To  whom  correspondence  should  be  addressed. 
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Contopoulou  and  co-vvorkers  (1987)  to  observe  ionizing  radiation-induced  dsb  in 
whole  yeast  chromosomes  and  their  repair  with  postirradiation  incubation.  Other 
studies  used  various  PFGE  configurations  to  assay  dsb  in  mammalian  cell  DNA.  As 
mammalian  chromosomes  are  much  larger  than  yeast  chromosomes,  the  breakage 
of  individual  chromosomes  could  not  be  studied.  Instead,  the  total  amount  of  DNA 
migrating  from  the  agarose  plug  into  the  gel  was  measured  (Blocher  et  al.  1989, 
Stamato  and  Denko  1990)  and  the  molecular  weight  distribution  of  the  released 
DNA  fragments  approximated  by  electrophoretic  mobility  (Ager  el  al.  1990). 
These  parameters  could  be  correlated  with  the  expected  number  of  dsb  in  genomic 
DNA. 

We  now  report  the  application  of  PFGE  to  the  analysis  of  dsb  and  their  repair  in 
the  DN.4  of  the  radioresistant  bacterium  D.  radiodiirans.  To  our  knowledge  this  is 
the  first  example  of  the  use  of  PFGE  to  detect  dsb  and  their  repair  in  bacteria. 
Because  the  chromosome  of  D.  radiodiirans  is  small,  we  have  resolved  it  into  1 1 
individual  restriction-cleavage  fragments.  Following  cellular  irradiation,  the  extent 
of  migration  of  unrestricted  DNA  from  the  agarose  plug  into  the  gel  correlates  with 
the  appearance  (or  disappearance)  of  the  individual  restriction-cleavage  fragments 
characteristic  of  the  chromosome.  Restoration  of  the  restriction-cleavage  fragments 
following  irradiation  provides  additional  evidence  of  proper  chromosomal  restor¬ 
ation.  We  have  also  examined  repair  of  a  radiosensitive  mutant  of  D.  radiodiirans 
that  is  deficient  in  recombination,  and  find  that  dsb  rejoining  is  retarded. 

2.  Materials  and  methods 

2.1.  Culture  conditions 

D.  radiodiirans  strain  R1  (wild-type)  and  its  mutagenized  derivative,  strain  1 12, 
were  grown  at  32°C  in  TGY  broth  with  aeration,  or  on  TGY  plates  solidified  with 
l'5"o  agar  (Tirgari  and  Moseley  1980). 

2.2.  Ionizing  radiation 

.Aliquots  of  overnight  cultures  were  dispensed  into  75  cm*  tissue  culture  flasks. 
The  flasks  were  maintained  on  ice  for  30 min  prior  to  irradiation  and  during  ®®Co 
irradiation.  Irradiation  was  at  210Gy/min.  For  example,  4kGy  (4x10^ rad) 
required  a  19  min  exposure.  For  PFGE,  irradiated  cells  were  either  harvested 
immediately  or  maintained  at  32'^C  with  aeration  for  various  periods  of  time.  For 
survival  measurements,  cells  were  diluted  and  plated  on  TGY  agar  immediately 
following  irradiation.  The  plates  were  incubated  at  32°C  for  3  days  prior  to 
counting  colonies. 

2.3.  Ultraviolet  irradiation 

Bacterial  cultures  were  pelleted  and  resuspended  in  67  mM  phosphate  buffer, 
pH  7  0  to  a  final  OD^oo  of  0-4.  Thin  layers  of  bacterial  suspension  were  irradiated 
with  a  germicidal  lamp  (254 nm)  at  room  temperature,  at  a  rate  of  20J/m^  per 
second.  Samples  were  taken  at  intervals,  diluted  and  plated.  The  plates  were 
incubated  at  32®C  for  3  days  prior  to  counting  colonies. 

2.4.  Mitomycin  C  exposure 

Bacterial  cultures  were  grown  to  an  ODgpo  of  0-5  and  resuspended  in  1/6 
volume  of  fresh  TGY  broth.  Mitomycin  C  %vas  added  to  a  final  concentration  of 
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2  uglml  and  the  suspension  maintained  at  room  temperature.  Samples  were  taken  at 
intervals,  diluted  and  plated  or  TGY  agar.  Colonies  were  counted  3  days  later. 

2.5.  Transformation 

Preparation  of  genomic  DNA  from  a  spontaneous  rif^  D.  radiodurans  mutant 
was  previously  described  (Tirgari  and  Moseley  1980,  Smith  et  al.  1988).  Transfor¬ 
mation  was  by  the  method  of  Tirgari  and  Moseley  (1980).  Briefly,  300 /il  of 
recipients  (approximately  1-5  x  10®  cells)  in  fresh  TGY  were  rendered  competent 
by  the  addition  of  CaClj,  30  mM  final  concentration.  The  suspension  was  held  on 
ice  for  lOmin,  and  10//1  aliquots  of  varying  concentrations  of  transforming  DNA 
were  added  and  mixed  gi'ntly  for  90  min  at  32°C.  Five  millilitres  of  TGY  was  added 
and  the  suspension  incubated  overnight  to  permit  phenotypic  expression.  Dilutions 
were  plated  onto  TGY  agar  without  rifampicin  and  TGY  agar  containing  25  /tg/ml 
rifampicin.  Colonies  were  counted  after  3  days  of  incubation  at  32°C. 

2.6.  Pulsed- field  gel  electrophoresis 

D.  radiodurans  cultures  were  pelleted  by  centrifugation  for  10  min,  resuspended 
in  butanol-saturated  phosphate  buffer,  pelleted  and  washed  once  in  a  butanol-free 
solution  of  1  .M  NaCl,  10  mM  Tris,  pH  7-6,  and  then  resuspended  again  in  this 
solution  at  2  X  10^  cells/ml.  The  exposure  to  butanol-saturated  buffer  described 
above  terminates  rejoining  in  irradiated  cells  and  renders  Deinococcus  cells  sensitive 
to  lysozyme  degradation  (Driedger  and  Grayston  1970).  Subsequent  steps  for 
preparation  of  intact  chromosomal  DNA,  suitable  for  PFGE,  were  described 
elsewhere  (Smith  and  Cantor  1987).  Briefly,  the  D.  radiodurans  cell  suspension  was 
mixed  with  an  equal  volume  of  2%  low  melting  point  agarose  and  allowed  to 
solidify  in  a  mould  that  formed  plugs  of  approx.  2x2x20mm.  Cell  lysis,  DNA 
purification,  and  restriction  enzyme  digestion  were  carried  out  by  transferring  the 
agarose  plugs  into  a  series  of  solutions.  Because  the  DNA  is  immobilized  in  the 
agarose  plug,  ohearing  of  large  DNA  molecules  is  minimized.  Treatment  of  the 
plugs  included  an  overnight  incubation  at  37°C  with  a  lysis  solution  containing 
O  sodium  dodccyl  sulphate  and  1  mg/ml  lysozyme;  a  2-day  incubation  at  50°C 
in  l®o  sarcosyl  and  1  mg/ml  proteinase  K;  and  a  6-10  b  incubation  at  37°C  with  30 
units  of  Not  1  restriction  enzyme  in  a  total  volume  of  100/il.  This  yields  a  Not  I 
limit  digest,  as  longer  incubation  or  additional  Not  I  enzyme  did  not  produce 
increased  cleavage  of  chromosomal  DNA  measured  by  PFGE  (not  shown).  An  LE 
agarose  gel  was  cast  (1%,  Beckman  Low  Endo-osmosis;  LE)  measuring  10cm 
long X  7-6 cm  wide x 0-64 cm  thick,  and  containing  nine  wells.  The  2x2x20mm 
DN.A-containing  plug  was  sliced  perpendicular  to  its  long  axis  to  yield  plugs  of 
approx.  2x2  x  4  mm.  The.se  slices  were  placed  in  the  bottom  of  the  wells  of  the  LE 
agarose  gel  such  that  the  long  axis  of  the  plug  was  parallel  to  the  width  of  the  gel, 
and  sealed  in  place  by  the  addition  of  a  small  amount  of  LE  agarose.  Each  well 
contained  1-3  x  10®  cells,  equal  to  approximately  2/ig  of  DNA. 

PFGE  was  performed  with  a  transverse  alternating  field  electrophoresis 
(T.AFE)  unit.  The  TAFE  apparatus,  yeast  chromosomal  standards  and  neutral 
running  buffer  (10  mM  Tris,  0-5  m.M  EDTA,  and  4-4  mM  acetic  acid,  pH  8  0)  were 
from  Beckman  Instruments,  Palo  Alto,  CA.  The  TAFE  apparatus  is  a  modification 
of  that  developed  by  Gardiner  and  co-workers  (1986).  Briefly,  the  gel  is  positioned 
vertically  within  the  chamber,  with  electrodes  placed  on  either  side  so  that  each  lane 
is  subjected  to  the  same  electric  field.  Two  electrode  pairs  (20  cm  between  positive 
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and  negative  electrodes  of  each  pair)  produce  two  alternating  fields  with  an  angit. 
between  fields  of  1 15°.  7'he  alternating  fields  cause  the  DNA  to  zigzag  through  the 
thickness  of  ihe  gel,  resulting  in  straight  lanes.  Electrophoresis  of  Deinococtus  DNA 
was  at  1 50  m.A  constant  current  (approx.  240  V),  with  field  alternation  every  25  s  for 
20  h  at  12°C.  Gels  were  stained  in  running  buffer  containing  0-1  /ig/ml  ethidium 
bromide  and  viewed  on  a  transilluminator  (Fotodyne,  New  Berlin,  WI).  Using 
these  conditions  the  largest  Not  1  restriction  fragment  of  the  D.  radiodiirans  R1 
chromosome  migrated  l-9ctr.,  while  the  smallest  migrated  5-3  cm. 

2.7.  Densitometry 

Gels  were  photographed  with  type  55  Polaroid  film.  All  gels  were  photographed 
se\’eral  times  using  different  exposures.  Negatives  used  for  densitometry  were 
lightly  exposed.  Those  positives  shown  as  figures  (Figures  5,  6  and  10)  are 
overexposed  to  render  the  low  molecular  weight  restriction  fragments  and  other 
faint  areas  within  the  lane  clearly  visible  by  eye.  Negatives  were  densitometrically 
scanned  (Moefer  model  GS300  transmittance  and  reflectance  scanning  densito¬ 
meter)  using  transmittance  mode,  and  data  collected  and  plotted  using  a  Shimadzu 
C-RIB  Chromatopac.  .Areas  under  the  peaks  were  determined  by  cutting  out  and 
weighing  the  appropriate  regions  of  the  plot.  To  avoid  possible  artifacts  due  to  lane- 
to-lane  variability  in  the  amount  of  DNA  loaded  in  the  plug,  the  amount  of  DNA  in 
the  lane  and  the  amount  in  the  plug  (as  plotted  in  Figure  9)  are  expressed  as  a 
fraction  of  the  amount  of  DNA  in  the  well  plus  the  lane,  rather  than  as  an  absolute 
value. 

3.  Results 

3.1.  Ionizing  radiation  sensitivity  of  D.  radiodurans  strain  1 1 2 
D.  radiodurans  strain  R1  is  the  type  strain  of  the  genus  Deinococcus  (Murray  1986). 
Strain  1 12  is  a  strain  R1 -derivative  obtained  by  chemical  mutagenesis  and  charac¬ 
terized  by  Evans  (1985)  as  non-transformable  and  sensitive  to  ultraviolet  radiation 
and  mitomycin  C  (MMC).  This  strain  had  been  desiccated  and  stored  since  1984  at 
room  temperature  in  the  laboratory  of  B.  E.  B.  .Moseley  at  the  University  of 
Edinburgh.  For  this  study,  strain  112  was  revived  and  its  phenotype  verified 
(Figures  1-3).  These  results  are  essentially  identical  to  those  obtained  by  Evans 
(1985),  confirming  the  non-transformability  and  sensitivity  to  ultraviolet  radiation 
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and  MMC.  The  apparent  de^iency  in  recombination  in  strain  1 12  (as  suggested  by 
non-transformability)  prompted  us  to  assess  the  sensitivity  of  this  strain  to  ionizing 
radiation  (Figure  4).  Compared  to  wild-type,  strain  112  is  markedly  sensitive  to 
ionizing  radiation,  possibly  related  to  reduced  ability  to  perform  recombination.  In 
an  attempt  to  elucidate  the  basis  of  the  ionizing  radiation  sensitivity  of  strain  112, 
this  strain  and  wild-type  D.  radiodurans  were  compared  with  regard  to  double¬ 
strand  break  rejoining  capacity,  as  described  below. 

3.2.  Sise  of  D.  radiodurans  RI  chromosome 

The  Not  I  restriction  enzyme  recognizes  the  8  base  palindrome  5'...GC/ 
GGCCGC..3'  (Roberts  1984).  Consequently,  it  cleaves  genomic  DNA  much  less 
frequently  than  other  type  II  restriction  endonucleases  that  recognize  shorter 
palindromes.  Not  I  resolves  the  Escherichia  coli  genome  into  22  separate  restriction 
fragments  (Smith  et  al.  1987).  We  found  that  this  enzyme  digested  the  D. 
radiodurans  Rl  chromosome  into  11  separate  restriction  fragments.  These  frag¬ 
ments  could  be  widely  separated  by  using  both  prolonged  electrophoresis  times  and 
switching  intervals,  allowing  determination  of  the  sizes  of  the  1 1  fragments:  498, 
418,  388,  365,  320,  307,  303,  277,  253,  230,  and  216kbp,  totalling  3-58  Mbp  or 
2-36  X  10^  daltons  per  chromosome. 

For  practical  purposes,  in  the  strand  break  studies  we  employed  a  short 
electrophoresis  time  (20  h)  and  switching  interval  (25  s),  that  permitted  resolution 
of  the  restriction  fragments;  however,  under  these  conditions  restriction  fragments 
2  and  3  were  often  poorly  separated  (Figure  5).  Not  I-cleaved  genomic  DNA  from 
wild-type  Rl,  and  the  Rl -derivative,  strain  112,  were  identical  (Figure  5  and 
unpublished  results). 

3.3.  Ionizing  radiation-induced  release  of  DNA  from  agarose  plugs  without 
restriction  cleavage 

Wild-type  and  strain  112  were  exposed  to  2kGy  and  either  harvested  immedi¬ 
ately  or  maintained  at  32°C  for  recovery  periods  up  to  6  h  prior  to  harvesting. 
Restriction  cleavage  was  omitted  from  preparation  of  the  agarose  plugs  for  PFGE. 
Results  are  shown  in  Figure  6  (lower  panels).  Figure  7,  and  Figure  9  (upper  panels). 
The  lower  panels  of  Figure  6  are  gel  photographs  that  show  release  of  DNA  from 
agarose  plugs  made  from  wild-type  and  strain  112  cultures.  Figure  7  shows 
densitometric  scans  performed  on  negatives  of  these  gels  that  were  briefly  exposed 


Figure  2.  Survival  of  D.  radiodurans  following  exposure  to  UV. 
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Figure  3.  Survival  of  D.  radiodurans  following  exposure  to  2/tg/ml  mitomycin  C. 


(as  compared  to  the  higher  exposures  shown  in  Figures  5,  6  and  10)  as  described  in 
§2.  The  upper  panels  of  Figure  9  show  the  fractions  of  DNA  retained  in  the  wells 
and  migrating  into  the  lane  determined  from  scans  in  Figure  7. 

Irradiation  of  D.  radiodurans  sirums  R1  and  112  resulted  in  a  substantial  amount 
of  cellular  DNA  migrating  from  the  plug  into  the  gel  (Figure  6,  lower  panels,  Z‘'ro 
min  lanes;  Figure  7,  zero  min),  corresponding  to  approximately  80“o  of  total 
cellular  DNA  (Figure  9,  upper  left).  With  postirradiation  recovery,  less  DNA 
migrated  into  the  gel.  For  wild-type,  densitometry  showed  that  the  amount  of  DNA 
in  the  lane  was  reduced  to  background  levels  by  60-90  min  following  irradiiition 
(Figure  7).  In  Strain  112,  postirradiation  incubation  resulted  in  a  much  slower 
disappearance  of  DN.A  from  the  lanes,  with  substantial  amounts  of  DNA  remaining 
in  the  lane  in  the  180  min  and,  to  a  lesser  extent,  the  6h  postirradiation  recovery 
samples  (Figure  6,  lower  right;  Figure  7;  Figure  9,  upper  left).  The  decrease  of 
DN.A  migrating  into  the  lane  as  a  result  of  postirradiation  incubation  is  consistent 
with  cellular  repair  of  dsb  (Blocher  et  al.  1989),  and  the  slow  time-course  in  strain 
1 1 2  suggests  a  defect  in  dsb  repair. 

3.4.  Ionising  radiation-induced  release  of  DNA  from  agarose  plugs  treated  with 
Not  I  restriction  enzyme 

As  above,  wild-type  and  strain  1 12  cells  were  exposed  to  2  kGy  and  harvested  at 
various  times  thereafter.  In  addition  to  the  usual  preparation  of  the  agarose  plugs, 
the  plugs  were  also  incubated  with  Not  I  under  limit  digest  conditions  (see  §2). 


Figure  4.  Survival  of  D.  radiodurans  following  ionizing  radiation  exposure. 


Strand  breakage  in  D.  radiodurans 


Fikuio  5.  IM'GK  of  Xol  l-cltavcd  Kcnomic  DNA  of  D.  radiodurans  strain  R!  (wild-type), 
and  the  radiosensitive  R I -derivative,  strain  1 12.  'I’he  size  markers  represent  appro.vi- 
mate  location  of  yea.st  chromosomal  standards. 


Results  are  shown  in  Figure  6  (upper  panels),  Figure  8,  and  I'igure  9  (lower  panels). 
Like  plugs  that  were  not  treated  with  restriction  enzyme,  a  2  kGy  e,\posure  of  wild- 
type  and  strain  112  with  no  postirradiation  incubation  resulted  in  the  release  of 
approximately  80®o  of  the  DN.A  into  the  lane  (Figure  9,  lower  left).  X’isually 
(Figure  6,  upper  panels,  zero  min  lanes)  this  is  not  as  obvious  as  in  the  case  of  no 
restriction  digestion  (Figure  6,  lower  panels,  zero  min),  due  to  different  photo¬ 
graphic  exposures.  However,  the  release  of  a  large  fraction  of  DN’.A  into  the  lane.s  is 
apparent  via  densitometry  (Figure  8,  zero  min).  The  distribution  of  DX.A  frag¬ 
ments  in  the  Not  1-cleaved  samples  at  zero  min  for  both  wild-type  and  strain  1 12 
was  shifted  to  the  lower  molecular  weight  region  as  compared  to  samples  that  were 
not  restriction  cleaved  (compare  Figures  7  and  8,  zero  min),  possibly  due  to  Not  1 
cleavage  of  the  larger  DNA  fragments  remaining  after  irradiation. 

In  plugs  of  wild-type  samples  that  were  treated  with  Not  I  there  was  a 
substantial  reduction  in  the  amount  of  DN.A  in  the  lane  as  a  result  of  30  or  60  min 
postirradiation  recovery  (Figure  8;  Figure  9,  lower  left).  .Strain  II 2  D.\.-\  plugs 
treated  with  Not  I  showed  a  slower  reduction  of  DN.A  migrating  into  the  lane  as  a 
function  of  postirradiation  recovery  through  60  min  (Figure  9,  lower  left).  Plugs 
made  from  wild-type  cells  following  90min,  ISOmin,  or  6h  postirradiation 
incubation  release  more  DNA  into  the  lane  than  plugs  made  from  strain  1 1 2.  due  to 
the  migration  of  restriction  fragments  from  wild-type  D.N.A  plugs  into  the  gel 
(Figure  6,  upper  panels;  Figure  8;  Figure  9,  lower  panels).  'I’he  faint  banding 
pattern  detected  in  the  strain  112  Not  l-cleaved  zero  min  point  and  subsequent 
times  (Figure  6,  upper  right)  may  be  due  to  small  amounts  of  D.N.A  that  have  not 
sustained  dsb  following  irradiation.  .At  lower  exposures  (e.g.  I  kGy)  such  bands 
were  usually  detectable  at  zero  min  (not  shown).  .At  2  kGy,  damage  was  sufficient  to 
render  these  restriction  fragments  at  zero  min  undetectable  (e.g.  Figure  6,  upper 
left)  or  barely  detectable  (e.g.  Figure  6,  upper  right).  As  expected,  at  higher 
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exposures  residiiiil  resiriction  fra}>iuents  were  never  detected  at  zero  min  (e.j;. 
I'ij'ure  10). 

After  a  4kC>y  expo.suie,  Sol  l-cleaved  DNA  from  wiid-type  cells  showed 
extensive  mit<ration  of  DNA  into  the  fjel  (l'ij>ure  10,  left).  Restriction  cleavaKC  with 
Sol  1  did  not  yield  the  typical  restriction  dijjest  pattern  until  180 min,  twice  as  lontj 
as  that  recjuired  for  2k(Jy.  I'ollowinj>  4kCjy,  the  radiosensitive  strain  1 12  showed 
no  ex  ideiice  of  dsh  reioiniiij;  at  6h,  and  after  overnijjht  incubation  only  a  faint 
sufji'estion  of  some  restrictioti  fiajjments  (Figure  10,  ri(>ht). 

4.  Discussion 

4.1.  Sice  of  radiodurans  RI  cUtotnounne 

We  found  that  Sol  I  ilijjested  the  D.  rtiJiodiiram  R1  chromosome  into  II 
separate  restriction  frafiments.  totaling  3-58  Mhp  or  2-36  x  lO**  daltons  per  chromo¬ 
some.  ’I'he  complexitN  of  the  D.  ladioduram  f;enome  was  measured  by  Hansen 
(l'>78)  by  l).\.-\  renaturation  kinetics.  yieldin>>  a  complexity  of  24)  +  0'3  x  lO" 
daltons.  Our  electrophoretic  measurement  is  slightly  larger  than  the  upper  limit  of 
Hansen's  complexity  measurement.  We  have  recently  found  that  D.  ritdiodutoin 
strains  S.ARK  and  Rl  contain  a  specific  repetitive  DN'.A  setiuence  present  in  about 
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Figure  6.  F’FGF  of  genomic  DN'A  of  D.  radiodurans  following  '’®Co  irradiation  of  2kGy. 
'I'ime  '•efers  to  the  postirradiation  recovery  period.  T'he  size  markers  are  yeast 
chromo .omal  standards.  Upper  left:  strain  Rl  (wild-type)  D.N'A  cleaved  with  No!  1 
prior  to  FFGF;  upper  right:  strain  1 12  D.N’A  cleaved  with  No!  1  prior  to  PFGF;  lower 
left:  strain  Rl  (wild-type)  DNA  with  no  restriction  cleavage:  lower  right:  strain  112 
DNA  with  no  restriction  cleavage. 
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Fifjure  7.  Densitometric  trace  of  negatives  of  PFGE  results  shown  in  lower  panels  of 
Figure  6  (no  restriction  cleavage  of  D^7A).  Times  refer  to  duration  of  postirradiation 
recovery  prior  to  harvesting  of  cells.  Location  of  well  and  yeast  chromosomal  markers 
indicated  at  bottom.  Rl:  D.  radiodurans  strain  R1  (wild-type);  112:  R1 -derivative 
strain  1 12. 


50  copies  per  chromosome  (Lennon  and  Minton  1990,  and  unpublished  results). 
Reduction  of  chromosomal  complexity  by  the  presence  of  repeated  DNA  is 
expected  (Gillis  et  al.  1970),  and  may  have  contributed  to  the  slightly  smaller  size 
that  Hansen  determined  by  renaturation  kinetics. 

4.2.  Upper  limit  of  DNA  that  may  be  released  from  the  plug 

A  significant  percentage  of  DNA  was  not  released  from  plugs  made  from  cells 
irradiated  at  2kGy  or  4kGy,  including  plugs  made  from  cells  with  no  postirradia¬ 
tion  recovery,  either  with  or  without  Not  I  cleavage  prior  to  PFGE  (zero  min  lanes 
of  Figures  6  and  10).  Given  the  high  degree  of  damage  following  irradiation, 
migration  of  all  DNA  from  the  plug  into  the  gel  might  be  expected.  This  ‘non- 
elutable’  fraction  was  about  20%  of  total  DNA  (Figure  9,  right).  Similar  observa¬ 
tions  have  been  made  by  others  using  PFGE,  and  various  mechanisms  proposed, 
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including  radiation-induced  crosslinking  of  DNA  to  itself  or  other  molecules  (Ager 
et  al.  1990),  and  ‘trapping’  of  some  DNA  fragments  in  the  agarose  plug,  such  that 
they  are  not  susceptible  to  migration  (Stamato  and  Denko  1990).  We  observed 
much  greater  amounts  of  residual  DNA  in  the  plug  using  the  unmodified  Smith 
and  Cantor  (1987)  protocol  for  preparation  of  bacterial  DNA  in  agaiose  plugs.  D. 
radiodurans  is  resistant  to  lysozyme  (Driedger  and  Grayston  1970).  Driedger  and 
Grayston  found  that  washing  cells  with  butanol-saturated  buffer  prior  to  lysozyme 
exposure  renders  D.  radiodurans  sensitive  to  this  enzyme,  possibly  due  to  the 
removal  of  lipoproteins.  By  modifying  the  Smith  and  Cantor  protocol  to  include 
this  procedure  prior  to  embedding  cells  in  agarose,  the  ‘non-elutable’  fraction  was 
minimized.  Even  with  this  modification  some  degree  of  incomplete  protoplastation 
might  persist,  contributing  to  residual  DN,\  in  the  plug. 

4.3.  Restoration  of  restriction  digest  fragments  lags  behind  diminution  of  DNA  in 
the  lane 

In  samples  from  wild-type  cells  exposed  to  2kGy  (no  restriction  digestion)  the 
fraction  of  DN.A  present  in  the  lanes  was  substantially  reduced  by  30  and  60  min 


Figure  8.  Densitometric  trace  of  negatives  of  PFGE  results  shown  in  upper  panels  of 
Figure  6  (plugs  treated  with  Not  I  prior  to  PFGE).  Designations  as  for  Figure  7.  In 
addition  the  locations  of  the  11  Not  I  restriction  fragments  of  the  D.  radiodurans  R1 
chromosome  are  indicated  by  vertical  arrows;  ‘1’  refers  to  the  largest  restriction 
fragment,  and  ‘11’  is  the  smallest  restriction  fragment. 
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Figure  9.  Percentage  of  total  DNA  remaining  in  the  lane  (left)  and  in  the  plug  (right).  Fach 
are  expressed  as  a  fraction  of  total  DNA  in  lane  plus  plug.  Calculated  from 
densitometric  scans  as  described  in  §2.  DNA  migrating  above  the  upper  electrophore¬ 
tic  compression  zone  was  included  in  the  measurement  of  the  amount  of  DNA  in  the 
lane.  'I'ime  refers  to  duration  of  postirradiation  incubation  prior  to  harvesting.  Upper 
panels;  correspond  to  Figure  7  (no  restriction  clevage);  lower  panels;  correspond  to 
Figure  8  {Not  1-treated  plugs);  ■,  strain  112;  □,  strain  R1  (wild-type). 


postirradiation  recovery  prior  to  harvesting  of  cells  for  PFGE  (Figure  7;  Figure  9, 
upper  left),  presumably  due  to  repair.  However,  in  corresponding  wild-type 
samples  that  zeere  treated  with  Not  I,  there  %vas  a  similar  reduction  in  the  fraction  of 
DNA  migrating  into  the  lanes  at  these  early  time  points  (30  and  60  min;  Figure  8; 
Figure  9,  lower  left)  and  there  was  no  evidence  of  restriction  fragments  in  the  gel 
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Figure  10.  PFGE  of  Not  I-cleaved  genomic  DNA  of  D.  radiodurans  following  *®Co 
irradiation  of  4kGy.  Time  refers  to  the  postirradiation  recovery  period.  Left;  strain 
R1  (wild-type);  right:  strain  112. 
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(30  and  60  min;  Figure  6,  upper  left;  Figure  8).  Thus,  any  ostensibly  repaired  DNA 
accumulating  in  cells  as  the  result  of  the  30  or  60  min  postirradiation  recovery 
periods  does  not  appear  to  be  subject  to  restriction  enzyme  digestion  and/or 
electrophoretic  migration  at  these  early  times.  Ager  and  co-workers  (1990)  found 
that  following  irradiation  of  CMO-Kl  cells,  replication  forks  showed  reduced 
PFGE-induced  migration  out  of  the  plug.  One  possible  mechanism  accounting  for 
this  observation  is  that  DNA  in  a  branched-replicating  structure  retards  electro¬ 
phoretic  migration.  If  so,  this  mechanism  may  be  applicable  in  the  current  case.  If 
recovery  from  high  levels  of  damage  following  2  kGy  proceeds  via  recombination,  it 
would  be  anticipated  that  much,  if  not  all,  of  the  larger  fragments  w’ill  be  associated 
with  branched  and  looped  structures  during  postirradiation  recovery.  Conse¬ 
quently,  the  increased  fraction  of  DN.A  in  the  plug  at  early  time  points  probably 
represents  D.N.A  undergoing  recombinational  repair  rather  than  DNA  that  has 
completed  repair.  .According  to  this  view,  only  as  cellular  DN.A  is  restored  to 
normal  conformation  would  restriction  digestion  yield  discrete  unbranched  restric¬ 
tion  fragments  of  characteristic  electrophoretic  mobility,  as  .seen  later  at  90 min, 
180  min  and  6h  postirradiation  of  wild-type  cells  (Figi  re  6,  upper  left;  Figure  8). 
.As  predicted  by  this  model,  the  amount  of  DNA  in  the  plug  (visually  in  Figure  6, 
upper  left;  plotted  in  Figure  9,  lower  right)  increases  during  the  0-60  min 
postirradiation  incubation  interval,  and  then,  once  the  Not  I-cleaved  DNA 
becomes  subject  to  electrophoretic  migration,  the  amount  of  DNA  in  the  plug 
decreases,  as  seen  during  the  90min-6h  interval. 

4.4.  All  restriction  fragments  appear  simultaneously 

The  current  results  suggest  that  all  restriction  fragments  appear  simultaneously 
in  wild-type  samples  at  90min  following  2kGy  (Figure  6,  upper  left;  Figure  8)  and 
180 min  following  4kGy  (Figure  10,  left).  This  observation  could  be  the  result  of 
processive  repair.  Recombinational  complexes  formed  following  irradiation  of  D. 
radiodurans  may  not  be  resolved  at  random  times.  Instead,  recombinational 
complexes  might  be  resolved  on  a  chromosome-by-chromosomc  basis,  w'ith  recom¬ 
bination  proteins  not  released  until  a  circular  chromosome  is  restored.  Thus,  new 
restriction  fragments  following  Not  I  digestion  w'ould  appear  in  1:1  stoichiometry. 
.As  more  chromosomes  are  restored  the  fraction  of  DNA  that  migrates  increases 
with  time,  with  all  restriction  fragments  in  equimolar  quantity  (larger  fragments 
being  brighter  due  to  the  amount  of  ethidium  bromide  bound)  as  seen  following 
2 kGy  over  the  90- 180 min  postirradiation  recovery  interval  (Figure  6,  upper  left; 
Figure  7;  Figure  9,  lower  left). 

.An  alternative  explanation  for  the  simultaneous  appearance  of  all  restriction 
fragments  is  that  resolution  of  recombinational  complexes  might  be  subject  to  a 
rate-limiting  event,  such  that  the  great  majority  of  covalent  rejoining  occurs  over  a 
brief  period.  Thus,  rapid  resolution  of  pre-existing  complexes  would  yield  the 
impression  that  all  restriction  fragments  are  restored  simultaneously.  It  is  known 
that  inhibition  of  protein  or  RNA  synthesis  following  irradiation  strongly  inhibits 
dsb  rejoining  (Kitayama  and  Matsuyama  1968,  1971).  One  potential  candidate  for 
the  rate-limiting  event  is  the  duration  required  to  transcriptionally  induce  and 
synthesize  proteins  requiied  for  completion  of  repair.  As  no  other  studied  organism 
approaches  the  Deinococcus  spp.  in  their  ability  to  mend  very  large  numbers  of  dsb 
per  chromosome,  the  nature  of  any  rate-limiting  step(s)  in  such  repair  remains 
highly  speculative. 
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4.5.  Defect  in  strain  112 

Following  exposure  of  radiosensitive  strain  112  cells  to  2kGy  or  4kGy, 
treatment  of  plugs  with  Not  I  failed  to  regenerate  the  characteristic  PFGE 
restriction  digest  pattern  in  samples  from  all  postirradiation  time  points  examined 
(Figure  6,  upper  right;  Figure  8;  Figure  10,  right).  However,  the  fraction  of  DNA 
retained  in  the  well  increased,  and  DNA  in  the  lane  decreased,  as  a  result  of 
postirradiation  incubation.  In  the  case  of  2kGy  this  is  visually  apparent  as 
increased  fluorescence  in  the  wells  at  latter  postirradiation  recovery  times  (Figure  6, 
upper  right)  and  confirmed  by  densitometry  (Figure  8,  ISOmin  and  6h;  Figure  9, 
lower  right).  At  later  times  there  are  also  substantial  amounts  of  DNA  of 
indeterminate  size  above  the  upper  electrophoretic  compression  zone  (60  min 
through  6  h  in  Figures  6  and  8).  Following  4 kGy,  increased  DNA  in  the  plug  as  the 
result  of  postirradiation  recovery  is  visually  apparent  (Figure  10,  right).  As 
suggested  for  wild-type  at  the  early  times  of  .50  and  60  min,  in  strain  112  the 
increased  amount  of  DNA  in  the  wells  (and  upper  compression  zone)  resulting 
from  postirradiation  incubation  may  not  represent  repaired  DNA.  Instead  it  may 
consist  of  DNA  fragments  associated  in  unresolved  recombinational  complexes 
and/or  inisrepaired  DNA.  Unlike  wild-type  cells,  strain  112  may  not  be  able  to 
resolve  recombinational  complexes  readily,  contributing  to  the  progressive 
accumulation  of  DNA  in  plugs  during  the  postirradiation  incubation  time  course 
that  was  studied. 

The  observation  of  Evans  (1985)  that  strain  112  was  non-transformable  (Figure 
1)  prompted  us  to  assess  the  ionizing  radiation  resistance  of  this  strain,  which  was 
substantially  reduced  (Figure  4).  As  transformation  requires  successful  completion 
of  recombination  of  exogenous  homologous  DNA  with  the  host  chromosome,  it  has 
been  used  in  naturally  transformable  organisms  as  a  measurement  of  recombina¬ 
tional  proficiency  (Moseley  1983).  Experiments  here  described  indicate  that  the 
radiosensitivity  of  strain  1 12  can  be  attributed,  in  sum  or  in  part,  to  diminished  dsb 
repair.  In  turn,  we  suggest  that  diminished  dsb  repair  in  strain  1 1 2  is  due  to  a  defect 
in  a  specific  recombinational  function  that  is  also  required  for  transformation. 
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5-Azacytidine  and  sodium  butyrate,  two  DNA  methylation-disrupting  agents, 
were  tested  for  radioprotective  properties  on  V79A03  cells.  Both  compounds  can 
activate  genes  not  previously  expressed  (e.g.  metallothionein).  5-Azacytidine 
treatment  (3  /tM,  24 h)  caused  a  50%  decrease  in  the  5-methylcytosine  content  of 
V79A03  DNA  whereas  sodium  butyrate  treatment  (1  mM,  24  h)  resulted  in  a 
700%  increase  in  5-methylcytosine  content.  Additionally,  5-azacytidine  treat¬ 
ment  resulted  in  the  increased  survival  of  V79A03  cells,  with  treatment  24  h 
prior  to  exposure  to  gamma  radiation  providing  a  dose  reduction  factor  of  1’8. 
Sodium  butyrate  treatment  did  not  result  in  a  significant  increase  in  survival. 
These  results  indicate  that  the  hypomethylation  of  genomic  DNA  prior  to 
exposure  to  gamma  radiation  correlates  with  an  increase  in  survival  of  V79A03 
cells,  possibly  due  to  the  activation  of  the  enzymes  involved  in  repair. 


1.  Introduction 

The  methylation  of  cytosine  residues  in  DNA  has  been  shown  to  be  involved  in 
several  cellular  processes  including  gene  expression,  carcinogenesis,  and  DNA 
repair.  The  hypomethylation  of  DNA  can  result  in  the  activation  of  normally 
quiescent  genes  (Compere  and  Palmiter  1981),  whereas  methylated  genes  tend  not 
to  be  expressed  (Sutter  and  Doerfler  1980).  Tumour  cell  DNA  is  also  undermethy¬ 
lated,  when  compared  to  normal  cells,  with  the  extent  of  hypomethylation  depen¬ 
dent  upon  the  tumour  type  (Gama-Sosa  et  al.  1983).  DNA  methylation  has  also 
been  postulated  to  play  a  role  in  DNA  repair.  The  occurrence  of  5-methylcytosine 
in  DNA  may  allow  the  cell  to  discriminate  between  strands  in  mis-match  repair 
(Hare  and  Taylor  1985,  Jones  et  al.  1987,  Wiebauer  and  jiricny  1989).  Damage  to 
5-methylcytosine  residues,  resulting  in  deamination  to  thymine,  could  be  corrected 
by  the  appropriate  repair  enzymes  by  using  the  undamaged  DNA  strand,  contain¬ 
ing  5-methylcytosine  as  a  marker,  as  a  template  for  repair.  Therefore,  by  disrupting 
the  normal  methylation  pattern  of  the  cell,  the  ability  to  survive  damage  resulting 
from  radiation  exposure  might  also  be  affected.  To  examine  this  possibility 
the  radioprotective  properties  of  two  DNA  methylation-disrupting  agents, 
5-azacytidine  and  sodium  butyrate,  were  tested. 

First  synthesized  as  a  cancer  chemotherapeutic  agent  (Piskala  and  Sorm  1964), 
5-azacytidine  differs  from  cytidine  by  the  presence  of  a  nitrogen  atom  in  the 
5-position  of  the  pyrimidine  ring.  5-Azacytidine  has  the  ability  to  induce  the 
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expression  of  inactive  genes  in  eukaryotic  cells  by  inhibiting  DNA  methylation, 
5-Azacytidine  can  be  converted  to  5-azadeoxycytosine  triphosphate  using  the 
normal  nucleotide-synthesizing  pathways  in  the  cell  (Lee  et  al.  1974,  Liacouras  and 
Anderson  1979),  after  which  it  can  be  incorporated  into  DNA  (Li  el  al.  1970). 
Treatment  with  5-azacytidine  inhibits  the  methylation  of  newly  synthesized  DNA 
(Jones  and  Taylor  1980),  Wilson  et  al.  1983).  It  was  originally  thought  that  the 
decrease  in  methylation  was  because  5-azacytidine  has  a  nitrogen  at  the  5-position 
and  is  thus  unable  to  accept  a  methyl  group.  However,  the  degree  of  substitution  of 
5-azacytidine  for  cytosine  was  not  sufficient  to  account  for  all  the  observed 
inhibition  of  methylation.  It  was  later  found  that  5-azacytidine  inhibits  DNA 
methyltransferases,  if  the  5-azacytidine  is  incorporated  into  the  DNA  (Tanaka  et  al. 
1980),  although  5-azacytidine  alone  does  not  inhibit  the  methyltransferase  activity. 
The  methyltransferase  may  form  a  covalent  bond  with  the  incorporated 
5-azacytidine,  resulting  in  the  irreversible  covalent  bonding  of  the  enzyme  to  DNA 
(Santi  et  al.  1983). 

Sodium  butyrate,  the  sodium  salt  of  the  four-carbon  fatty  acid,  has  been 
reported  to  increase  DNA  methylation  (de  Haan  et  al.  1986)  by  some  as  yet 
undiscovered  mechanism,  as  well  as  activating  .some  genes  (Leder  et  al.  1975, 
Rubinstein  el  al.  1979,  Plesko  et  al.  1983),  including  metallothionein  (Birren  and 
Herschman  1986). 

These  two  methylation-disrupting  agents  were  tested  on  a  Chinese  hamster 
lung  fibroblast  line  (V79A03)  in  order  to  determine  if  5-azacytidine  or  sodium 
butyrate  treatment  prior  to  exposure  to  gamma  radiation  could  result  in 
increased  cell  survival. 

2.  Materials  and  methods 

2. 1 .  Cell  culture  conditions 

Alpha  minimal  essential  medium,  foetal  calf  serum,  penicillin,  streptomycin, 
gentamicin  and  L-glutamine  were  purchased  from  Gibco  Labs  (Grand  Island,  NY, 
USA).  N-2-Hydroxyethylpiperizine-N'-2-ethane-sulphonic  acid  (HEPES)  was 
obtained  from  Sigma  Chemical  (St.  Louis,  MO,  USA). 

Chinese  hamster  lung  (V79)  clone  A03  was  maintained  in  monolayer  (at  37'’C  in 
5%  C02  in  air)  in  alpha  minimal  essential  medium  supplemented  with  10%  fetal 
calf  serum,  100  units/ml  penicillin,  100/tg/ml  streptomycin,  20gl/ml  gentamicin, 
2mM  L-glutamine  and  buffered  with  25  mM  HEPES. 

2.2.  Cell  survival  curves 

Cells,  plated  in  tissue  culture  flasks,  were  treated  with  5-azacytidine  (final 
concentration  3  fiyi)  or  sodium  butyrate  (final  concentration  1  mM)  at  various  times 
before  and  after  irradiation.  Cells  were  allowed  to  attach  to  the  tissue  culture  flask 
for  4  h  before  the  addition  of  the  5-azacytidine  or  sodium  butyrate.  5-Azacytidine 
(Sigma)  was  prepared  as  a  100/tM  solution  in  tissue  culture  medium  and  stored  at 
—  20'’C  for  not  longer  than  1  week.  Sodium  butyrate  (Sigma)  was  prepared  as  a 
100  mM  solution  in  tissue  culture  medium  and  was  stored  at  -20°C  for  periods  of 
up  to  1  month.  Irradiations  were  performed  bilaterally  in  the  AFRRI  ®°Co 
radiation  facility  at  room  temperature  with  a  dose  rate  of  1  Gy/min.  Dosimetry  was 
performed  as  per  the  AAPM  Task  Group  21  protocol  for  the  determination  of  the 
absorbed  dose  from  high-energy  photon  and  electron  beams  (Radiation  Therapy 


Radioprotection  with  5-azacytidine 


1219 


Committee  1983).  Total  doses  ranged  from  0  to  10  Gy.  Control  flasks  (Un¬ 
irradiated)  and  flasks  receiving  0-5  and  1  Gy  of  radiation  were  seeded  with  100  cells 
per  flask.  Flasks  receiving  3  Gy  were  seeded  with  150  cells  per  flask.  Flasks 
receiving  5  and  7  Gy  were  seeded  with  300  and  500  cells  per  flask,  respectively, 
whereas  flasks  receiving  10  Gy  were  seeded  with  1000  cells  per  flask.  Prior  to 
radiation  exposure,  the  drug-containing  medium  was  removed  from  the  cells  and 
replaced  with  fresh  medium  without  the  drugs.  After  irradiation  the  medium  was 
replaced  with  fresh  medium.  After  5  days  colonies  were  stained  (Giemsa),  counted, 
and  cell  survival  determined. 

2.3.  DNA  isolation  and  5-methylcytosine  determination 

V79A03  DNA  was  isolated  and  purified  following  the  method  of  Blin  and 
Stafford  (1976).  The  purified  DNA  was  hydrolyzed  to  deoxyribonucleotides  using 
the  enzymatic  method  of  Christman  (1982).  Nucleotides  were  separated  by  high- 
performance  liquid  chromatography  (HPLC)  using  a  Beckman  Model  344  gradient 
liquid  chromatograph  equipped  with  an  Altex  Ultrasphere  5 /im-particle  octa- 
decylsilane  column  (4-6  mm  i.d.  x25cm).  Samples  were  eluted  with  01  m  sodium 
phosphate  buffer  (pH  5*5)  over  45  min  at  ambient  temperature  with  a  flow-rate  of 
1  ml/min  (Christman  1982).  Detection  was  at  254  nm  with  a  detector  sensitivity  of 
0  05  AUFS.  Data  were  analysed  with  an  IBM  System-9000  computer  interfaced 
with  the  HPLC  system.  Deoxyribonucleotide  standards  were  purchased  from 
Sigma. 

3.  Results 

As  both  5-azacytidine  and  sodium  butyrate  induce  the  expression  of  genes 
(Jones  and  Taylor  1980,  Plesko  et  al.  1983),  some  of  which  may  be  involved  in  the 
repair  of  cell  damage,  their  effect  on  cell  survival  following  exposure  to  ionizing 
radiation  was  investigated. 

Before  the  possible  radioprotective  properties  of  5-azacytidine  and  sodium 
butyrate  could  be  investigated,  the  toxicity  of  these  drugs  on  V79A03  cells  had  to  be 
ascertained.  After  plating  the  cells,  medium  containing  5-azacytidine  or  sodium 
butyrate  was  added.  Twenty-four  hours  later  the  medium  was  aspirated  and  fresh 
medium  added.  The  cells  were  grown  for  5  days,  after  which  time  they  were  stained 
with  Giemsa  and  the  colonies  counted.  Figure  1  shows  the  percentage  survival  of 
V79A03  cells  after  24  h  in  concentrations  of  5-azacytidine  ranging  from  1  nM  to 
1  mM.  Concentrations  of  5-azacytidine  greater  than  10 /tM  were  toxic  to  the  cells.  As 
a  result  3  pM  was  the  5-azacytidine  concentration  selected  for  subsequent  studies. 
The  percentage  survival  of  V79A03  cells  in  sodium  butyrate  concentrations  ranging 
from  1  nM  to  100  mM  is  shown  in  Figure  2.  Sodium  butyrate  concentrations  greater 
than  lOmM  were  toxic  to  V79A03  cells.  A  sodium  butyrate  concentration  of  1  mM 
was  selected  for  subsequent  experiments. 

Table  1  shows  the  effect  of  5-azacytidine  or  sodium  butyrate  treatment  on  the 
5-methylcytosine  content  of  V79A03  DNA.  Treatment  with  3  pM  5-azacytidine  for 
24  h  resulted  in  the  hypomethylation  of  DNA  as  seen  by  the  decrease  in  the 
percentage  of  5-methylcytosine  from  4-69  to  2.77%.  In  contrast,  sodium  butyrate 
treatment  hypermethylates  V79A03  DNA,  with  37%  of  the  cytosine  residues  in 
DNA  being  methylated  by  treatment  of  V79A03  cells  with  1  mM  sodium  butyrate 
for  24 h. 
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5-Azacytldins  (uH) 

Figure  1,  Toxicity  of  5-azacytidine  on  V79A03  cells.  V79A03  cells  were  treated  with 
various  concentrations  of  5-azacytidine  for  24  h.  After  that  time  the  medium  was 
changed  and  the  cells  were  grown  for  5  days.  The  colonies  were  stained  with  Giemsa 
and  counted.  Results  are  the  mean  of  24  determinations.  Error  bars  indicate  standard 
deviation. 


Figure  3  shows  the  survival  fractions  of  V79A03  cells  treated  with  3/tM 
S-azacytidine  at  24,  12,  6,  3  and  Ih  pre-irradiation  and  immediately  post¬ 
irradiation  (30  min).  There  are  differences  observed  between  the  survival  of  5- 
azacytidine  treated  V79A03  cells  and  control  cells  in  all  instances. 

The  survival  fractions  of  V79A03  cells  treated  with  1  mM  sodium  butyrate  24, 
12, 6,  3  and  1  h  pre-irradiation  and  immediately  post-irradiation  (30  min)  are  shown 
in  Figure  4.  There  are  only  minor  differences  between  the  survival  of  treated  and 
control  V79A03  cells  at  all  experimental  times. 

The  differences  in  the  radiosensitivities  of  5-azacytidine  and  sodium  butyrate 
treated  V79A03  cells  were  determined  and  compared  to  control  cells  using  the  mean 
inactivation  dose.  The  mean  inactivation  dose  {D)  is  equal  to  the  area  under  the 
survival  curve  (Kellerer  et  al.  1976,  Fertil  et  al.  1984,  Debieu  et  al.  1985).  D  can  be 
calculated  from  the  parameters  a  and  which  in  turn  are  determined  by  regression 
analysis  of  the  natural  logarithm  of  the  survival  fraction  (SF)  (Fertil  et  al.  1984, 
Taylor  1 986).  The  advantage  of  using  D  is  that  it  is  representative  of  the  entire  cell 
population  rather  than  just  a  fraction  of  it.  In  addition,  comparisons  of  different 
survival  curves  can  easily  be  accomplished  because  each  curve  is  represented  by  a 
single  value. 

Table  2  shows  the  mean  inactivation  dose  for  control,  5-azacytidine  and  sodium 
butyrate  treated  V79A03  cells  and  also  contains  the  dose  reduction  factors  (DRF) 
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Sodium  Butyrate  (mM) 


Figure  2.  Toxicity  of  sodium  butyrate  on  V79A03  cells.  V79A03  cells  were  treated  with 
various  concentrations  of  sodium  butyrate  for  24  h.  After  that  time  the  medium  was 
charged  and  the  cells  were  grown  for  5  days.  The  colonies  were  stained  wth  Giemsa 
and  counted.  Results  are  the  mean  of  24  determinations.  Error  bars  indicate  standard 
deviation. 


for  the  various  treatment  times.  The  DRF  was  calculated  using  the  following 
equation:  DRF  =  5  (treated)/^  (control). 

5-Azacytidine  treated  cells  exhibited  an  increase  in  the  DRF  at  all  treatment 
times,  with  the  24  h  pre-irradiation  treatment  time  showing  the  highest  DRF  value 
(1-8).  Sodium  butyrate  treatment,  except  for  the  3h  pre-irradiation  treatment,  did 
not  result  in  any  significant  increase  in  the  DRF. 


Table  1 .  5-methylcytosine  levels  in  V79A03  cells  following  treatment  with  5-azacytidine  or 

sodium  butyrate. 


5-methylcytosine 

Error 

'I’reatment 

(%) 

(SD) 

Control 

4-69 

0-56 

5-Azacytidine  (3/<m  per  24  h) 

2-77 

0-04 

Sodium  butyrate  (1  mM  per  24  h) 

37-23 

2-14 

Results  are  the  mean  of  three  determinations.  Errors  are  given  as  standard  deviation 
(SD).  Percentage  of  5-methylcytCiine  (5-M-C)  was  computed  using  the  following  equation: 
%5-M-C  =  [amt  5-M-C/(amt  5-M-C  +  amt  cytosine)]  x  100.  The  probability,  using  Stu¬ 
dent’s  <-test,  that  the  values  of  the  treated  samples  are  not  significantly  different  from  the 
control  value  is  <0'001  in  both  cases. 


Figure  3.  Survival  of  S-azacytidine-ircated  V79A03  cells'  following  ®®Co  gamma  irradi¬ 
ation.  Curves  show  survival  fraction  versus  radiation  dose  of  V79A03  cells  treated 
with  3  /(.M  5-azacytidine  at  (A)  24,  (B)  12,  (C)  6,  (D)  3,  and  (E)  1  h  pre-irradiation  and 
(F)  post-irradiation.  Results  are  the  mean  of  si,\  determinations.  Error  bars  indicate 
standard  deviation. 


4.  Discussion 

'Fhe  methylation  of  DNA  plays  a  major  role  in  several  cellular  processes, 
including  packaging  of  DNA  (Ball  el  al.  1983),  strand  selection  for  DNA  repair 
(Hare  and  Taylor  1985,  Jones  et  al.  1987,  Wiebauer  and  Jiricny  1989).  and  gene 
expression  (Compere  and  Palmiter  1981).  A  previous  study  has  shown  that 
exposure  to  gamma  radiation  results  in  a  decrease  in  the  5-methylcytosine  content 
of  mammalian  cell  DNA  (Kalinich  et  al.  1989).  Whether  this  radiation-induced 
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Figure  4.  Survival  of  sodium  butyrate-treated  V79A03  cells  following  *°Co  gamma 
irradiation.  Curves  show  survival  fraction  versus  radiation  dose  of  V79A03  cells 
treated  with  1  mM  sodium  butyrate  at  (A)  24,  (B)  12,  (C)  6  (D)  3  and  (E)  1  h  pre¬ 
irradiation  and  (F)  post-irradiation.  Results  are  the  mean  of  six  determinations.  Error 
bars  indicate  standard  deviation. 


hypomethylation  represents  a  damage  end-point  or  a  repair  response  to  radiation 
exposure  is  not  yet  known.  If  hypomeii-y'ation  is  the  initial  step  in  the  repair 
response  to  radiation  exposure,  it  should  be  possible  to  afford  radioprotection  to 
cells  by  disrupting  the  normal  DNA  methylation  pattern.  In  order  to  determine  if  a 
disruption  of  the  normal  cellular  DNA  methylation  pattern  prior  to  exposure  to 
gamma  irradiation  would  affect  survival,  two  DNA  methylation-disrupting  agents, 
5-azacytidine  and  sodium  butyrate,  were  utilized. 


1224 


J.  F.  Kalmich  ct  al. 


Table  2.  Mean  inactivation  dose  {T))  and  dose  r»*duction  factors  (DRF)  for  S-azacytidine 
and  sodium  butyrate  treated  V79A03  cells. 


'I'lme  of 

S-.'Xzacytif"’  e 

Sodium  butyrate 

irnultation  (h) 

D 

DRF 

b 

DRF 

24 

879-5 

1-77 

566-4 

1-13 

12 

524-7 

1-06 

539-0 

1-08 

6 

626-7 

1-26 

532-6 

1-07 

3 

703-9 

1-42 

644-6 

1-29 

1 

606-9 

1-22 

501-0 

1-00 

Post-irradiation  (30  min) 

M7-2 

1-34 

526-5 

1-05 

DRF  calculated  usitiK  a  control  fi  value  of  4%-72. 


'Fhe  treatment  of  V79A03  cells,  a  Chinese  hamster  lung  fibroblast  line,  with 
3  /JM  5-azacytidine  for  24  h  resulted  in  a  decrease  of  the  5-methylcytosine  content  of 
almost  60'’o  of  the  control  value,  whereas  treatment  with  1  mM  sodium  butyrate  for 
24  h  increased  5-methylcytosine  levels  to  almost  SOO",,  of  control.  This  high  degree 
of  methylation  suggests  that  cytosines  not  in  the  usually  methylated  5'-CpG-3' 
sequence  are  being  methylated.  Both  compounds  have  the  ability  to  activate 
(juiescent  genes.  In  fact,  me'allothionein  expression  can  be  induced  by  both 
5-azacytidine  and  sodium  butyrate  (Compere  and  Palmiter  1981,  Birren  and 
Merschman  1986).  5-.Azacytidine  induced  gene  activation  is  the  result  of  decreased 
DN.A  methylation,  which  is  due  to  the  inhibition  of  the  DNA  methyltransferase 
(Tanaka  et  al.  1980,  Santi  et  al.  1983).  'Fhe  mechanism  of  sodium  butyrate  induced 
gene  activation  is,  however,  unknown  at  this  time. 

5-.Azacytidine  treatment  of  V79A03  cells  24,  12,  6,  3  and  1  h  pre-irradiation  or 
immediately  post-irradiation  gave  various  degrees  of  radioprotection.  'Freatment 
24  h  prior  to  irradiation  gave  the  highest  DRF  of  1-8.  Treatment  times  closer  »o 
radiation  exposure  also  resulted  in  increased  survival,  but  not  to  the  extent  seen 
with  the  24  h  pre-irradiation  treatment.  'Fhe  survival  of  5-azacytidine  treated 
V79A03  cells  did  not  exhibit  a  time-dependent  response  with  respect  to  treatment 
times.  Indeed,  treatment  of  the  cells  with  3/tM  5-azacytidine  after  exposure  to 
gamma  radiation  (within  30  min)  resulted  in  increased  survival,  thus  suggesting 
that  the  observed  radioprotection  is  the  result  of  the  activation  of  genes,  possibly 
those  involved  in  repair  processes.  Interestingly,  jeggo  and  Holiday  (1980)  have 
shown  that  treatment  with  5-azacytidine  can  activate  a  DNA  repair  gene  in  X-ray 
sensitive  CHO  cells.  In  addition  it  has  recently  been  shown  that  5-azacytidine  can 
induce  0‘’-alkygi':inine-DNA  alkyltranferase  activity  in  mouse  Ha821  cells  (Mitani 
et  al.  1 989).  This  enzyme  is  responsible  for  removing  0*-alkylguanines  from  DNA. 
It  is  therefore  tempting  to  postulate  that  other  repair  enzymes  may  also  be  under 
methylation  control  and  could  also  be  induced  by  5-azacytidine  treatment. 

'Freatment  of  V79A03  cells  with  1  m.M  sodium  butyrate,  a  DNA  hypermethylat- 
ing  agejit,  at  z4,  12,  6,  3  and  1  h  prior  to  irradiation  or  immediately  after  exposure 
did  not  result  in  a  significant  increase  in  survival.  An  exception  is  the  3h  pre¬ 
irradiation  treatment  time  which  resulted  in  a  DRF  of  1-3.  The  reason  for  this  is 
unclear  at  this  time.  It  is  clear  th^t  whereas  5-azacytidine  may  activate  quiescent 
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repair  genes,  these  genes  appear  not  to  be  similarly  activated  by  sodium  butyrate 
treatment. 

If  genes  were  activated  prior  to  radiation  exposure,  including  those  involved  in 
repair  processes,  it  might  be  possible  to  afford  radioprotection  to  cells.  It  has  been 
shown  here  that  hypomethylating  cellular  DNA  via  treatment  with  5-azacytidine  is 
correlated  with  an  increased  survival  following  exposure  to  gamma  radiation. 
However,  DNA  hypermcthylation  with  sodium  butyrate  resulted  in  little  or  no 
protection.  Whereas  the  mechanism  of  protection  exhibited  by  5-azacytidine  is  not 
known,  one  possibility  is  that  the  genes  involved  in  repair  processes  may  be 
activated  on  treatment  with  5-azacytidine.  If  this  occured,  the  enzymes  needed  to 
repair  the  damage  inflicted  by  radiation  would  already  be  present,  and  the  cell 
might  better  tolerate  the  radiation  insult.  Another  possibility  is  that  an  azacytidine 
induced  cell  cycle  block  contributes  to  the  observed  radioprotection.  This  has  not  as 
yet  been  ruled  out.  Nevertheless,  the  possibility  that  the  activation  of  gene 
expression  enhances  survival  following  radiation  exposure  remains  an  interesting 
concept. 
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The  role  of  neurotensin  in  radiation-induced  hypothermia 
was  e.xamined.  Intracerebroventricular  (ICV)  administration  of 
neurotensin  produced  dose-dependent  hypothermia.  Histamine 
appears  to  mediate  neurotensin-induced  hypothermia  because 
the  mast  cell  stabilizer  disodium  cromoglycate  and  antihista¬ 
mines  blocked  the  hypothermic  effects  of  neurotensin.  An  ICV 
pretreatment  with  neurotensin  antibody  attenuated  neuroten¬ 
sin-induced  hypothermia,  but  did  not  attenuate  radiation-in¬ 
duced  hypothermia,  suggesting  that  radiation-induced  hypother¬ 
mia  was  not  mediated  by  neurotensin.  @  1991  Academic  Press,  inc. 


INTRODUCTION 

Exposure  to  ionizing  radiation  causes  changes  in  core 
body  temperature.  This  effect  depends  partly  upon  the  spe¬ 
cies  of  animal,  with  hyperthermia  occurring  in  cats,  rabbits 
(/),  and  humans  (2),  and  a  biphasic  response  (i.e.,  a  fall  in 
temperature  followed  by  a  rise)  in  monkeys  (i).  In  rats,  the 
direction  of  the  temperature  change  is  dose  dependent  with 
hyperthermia  occurring  when  radiation  doses  are  less  than 
1 5  Gy  and  hypothermia  occurring  when  doses  are  greater 
than  20  Gy.  In  rats,  the  temperature  response  appears  to  be 
centrally  mediated  because  irradiation  of  the  head  alone 
causes  these  effects,  while  irradiation  of  the  trunk  only  does 
not  {4,  5). 

The  chemical  mediators  identified  thus  far  include  prosta¬ 
glandins  (5)  and  histamine  (5),  while  serotonin  has  been 
shown  not  to  be  involved  {4).  It  is  not  known  if  histamine 
release  is  a  primary  response  to  irradiation  or  secondary  to 
the  release  of  other  substances,  such  as  neurotensin,  liber¬ 
ated  in  the  cascade  of  events  following  radiation  injury. 

Neurotensin,  an  endogenous  tridecapeptide  found  in  the 
central  nervous  system,  particularly  in  hypothalamus,  cau¬ 
date  nucleus,  globus  pallidus,  putamen,  nucleus  accum- 
bens  and  amygdala  (6-9),  and  gastrointestinal  tract  {10), 
acts  as  a  neurotransmitter  or  a  neuromodulator  (11).  Spe¬ 
cific  neurotensin  binding  sites  have  been  identified  in  the 
midbrain  (6, 12),  and  interactions  between  neurotensin  and 


dopamine  have  been  shown  {13).  Central  administration  of 
neurotensin  produces  a  variety  of  behavioral  and  physiolog¬ 
ical  effects,  including  the  stimulation  of  histamine  release 
{14).  One  of  the  more  potent  effects  of  neurotensin  is  the 
induction  of  hypothermia  after  intracisternal  or  intraven¬ 
tricular  administration  {15-17).  The  purposes  of  this  study 
were  to  investigate  the  role  of  neurotensin  in  radiation-in¬ 
duced  hypothermia  and  to  elucidate  the  mechanisms  in¬ 
volved  in  neurotensin-induced  hypothermia. 

METHODS 

Drugs.  The  drugs  used  were  neurotensin  (Sigma  Chemical  Co..  St. 
Louis,  MO),  neurotensin  antibody  (Accurate  Chemical  and  Scientific  Cor¬ 
poration,  Westbury,  NY),  disodium  cromoglycate  (Fisons  Corporation, 
Bedford,  MA),  mepyramine  malcate  (Mallinckrodt  Inc.,  St.  Louis,  MO), 
cimetidine  (Smith  Kline  and  French  Laboratory,  Philadelphia,  PA),  keta¬ 
mine  hydrochloride  (Parke-Davis,  Detroit,  Ml),  xylazine  (Hayer  Lockhart, 
Shawnee,  KS),  and  acepromazine  (Ayerst  Laboratories,  NY).  Neuroten¬ 
sin,  neurotensin  antibody,  mepyramine,  and  disodium  cromoglycate  were 
dissolved  in  sterile,  nonpyrogenic  saline.  Cimetidine  was  dissolved  in  0.1 
ml  of  1  JV  HCl  and  diluted  to  the  final  volume  with  saline. 

Animals.  Male  Sprague-Dawley  Crl:CD(SD)BRD  rats  (Charles  River 
Breeding  Laboratories,  Kingston,  NY)  weighing  200-300  g  were  used  in 
these  experiments.  Rats  were  quarantined  on  arrival  and  screened  for  evi¬ 
dence  of  disease  by  serology  and  histopathology.  The  rats  were  housed 
individually  in  polycarbonate  isolator  cages  (Lab  Products,  Maywood,  NJ) 
on  autoclaved  hardwood  contact  bedding  (Beta  Chip,  Northeastern  Prod¬ 
uets  Corp.,  Warrensburg,  NY),  and  were  provided  commercial  rodent 
chow  (Wayne  Rodent  Blok,  Continental  Grain  Co.,  Chicago,  IL)  and  acidi¬ 
fied  water  (pH  2.5  using  HCl)  ad  libitum.  Animal  holding  rooms  were  kept 
at  21  ±  rc  with  50  ±  10%  relative  humidity  on  a  12-h  light/dark  cycle 
with  no  twilight. 

Radiation  exposure.  Rats  were  placed  in  clear  plastic  well-ventilated 
containers  for  approximately  5  min  before  irradiation  or  sham  exposure. 
The  animals  were  then  exposed  bilaterally  to  y  rays  using  a  “Co  source  at  a 
rate  of  20  Gy/min  to  a  total  dose  of  50  Gy.  Prior  to  the  experiment,  the 
dose  rate  at  the  midline  of  an  acrylic  rat  phantom  was  measured  using  a 
0.5-cc  tissue-equivalent  ionization  chamber  manufactured  by  Exradin, 
Inc.  The  dose  rate  at  the  same  location  with  the  phantom  removed  was 
measured  using  a  50-cc  ionizatioi:  chamber  fabricated  at  AFRRl.  The 
ratio  of  these  two  dose  rates,  the  tissue-air  ratio,  was  used  to  determine  the 
doses  for  animals  receiving  routine  experimental  exposures,  in  this  experi¬ 
ment,  the  tissue-air  ratio  was  0.93.  All  ionization  chambers  have  calibra¬ 
tion  factors  traceable  to  the  National  Institute  for  Standards  and  Technol¬ 
ogy.  Dosimetry  measurements  were  performed  following  the  AAPM  Task 
Group  21  Protocol  for  the  Determination  of  the  Absorbed  Dose  from 
High-Energy  Photon  and  Electron  Beams  (18). 
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FIG.  I .  Changes  in  rectal  leinf)eraturc  of  rats  induced  by  mtraccrebro- 
ventricular  (ICV)  injection  of  neurotensin  (NT);  I  iig  (0>,  3  pg  (■),  5  pg 
(A).  lO  ng  (A),  20  fig  (□),  and  saline  (•).  Each  point  represents  the  mean 
±  SE  of  observations  of  five  animals.  Zero  on  the  ordinate  represents  the 
temperature  at  the  time  of  injection. 


Central  administration  of  drugs.  Rats  were  anesthetized  with  1  ml/kg 
of  a  mixture  of  ketamine  (50  mg/kg),  xylazine  (5  mg/kg),  and  aceproma- 
zine  ( I  ml/kg)  given  intramuscularly,  and  were  placed  in  a  rat  stereotaxic 
apparatus  (David  Kopf  Instrumctas,  No  320).  A  single  cannula  was  in¬ 
serted  aseptically  into  the  lateral  ventricle  according  to  coordinates  derived 
from  the  atlas  of  Pelligrino  et  al.  (19):  0.8  mm  posterior  to  bregma,  2.5  mm 
lateral.  The  cannula  was  lowered  until  cerebrospinal  fluid  rose  in  the  can¬ 
nula.  Dental  acrylic  was  used  to  secure  the  cannula.  Animals  were  allowed 
to  recover  for  I  week  before  they  were  used  for  experiments.  After  the  end 
of  an  experiment,  injection  sites  were  verified  histologically.  Injections  and 
irradiations  were  performed  at  the  same  time  of  day  (0900)  to  avoid  diur¬ 
nal  variations  in  temperature.  The  antagonists  (neurotensin  antibody,  di¬ 
sodium  cromoglycate,  mepyramine,  and  cimetidine)  were  given  30  mm 
before  the  radiation  and  neurotensin  were  administered. 

Measurement  of  body  temperature.  All  expenments  were  performed  at 
a  room  temperature  of  22  ±  I  °C.  The  animals  were  placed  in  restraining 
cages  I  h  before  starting  the  experiments,  and  body  temperature  was  mea¬ 
sured  every  1 5  min  for  2  h  with  thermistor  probes  ( YSI  series  700,  Yellow 
Springs  Co.,  Inc.,  Yellow  Springs,  OH)  inserted  approximately  6  cm  into 
the  rectum  and  connected  to  a  datalogger  (Minitrend  205).  After  each 
experiment,  all  animals  were  killed  immediately  with  an  overdose  of  car¬ 
bon  dioxide  by  inhalation. 

Statistics  Statistical  evaluations  were  performed  using  analysis  of  vari¬ 
ance  with  a  significance  level  of  P  <  0.05.  Intergroup  comparisons  were 
made  using  Tukey’s  test  (20). 

RESULTS 

An  ICV  administration  of  1-20  of  neurotensin  in¬ 
duced  hypothermia  in  a  dose-dependent  manner  (Fig.  1). 
An  ICV  pretreatment  with  0.25-1.0  mg  of  neurotensin  an¬ 
tibody  attenuated  the  hypothermia  induced  by  ICV  admin¬ 


istration  of  5 11$  of  neurotensin,  but  did  not  reduce  the  hypo¬ 
thermia  produced  by  50  Gy  of  ionizing  radiation  (Fig.  2). 
Figure  2  also  shows  that  administration  of  neurotensin  an¬ 
tibody  alone  had  no  effect  on  body  temperature.  An  ICV 
administration  of  the  mast  cell  stabilizer  disodium  cromo¬ 
glycate  did  not  change  the  body  temperature  of  control  ani¬ 
mals  but  did  block,  in  a  dose-dependent  manner,  the  hypo¬ 
thermia  produced  by  the  ICV  injection  of  5  /ig  neurotensin 
(Fig.  3).  Mepyramine  and  cimetidine  are  specific  H,  and 
receptor  antagonists,  respectively  (21).  Mepyramine  (100- 
300  ng,  ICV)  or  cimetidine  (100-300  ng,  ICV)  was  adminis¬ 
tered  before  neurotensin  to  examine  the  role  of  histaminer- 
gic  H|  and  H2  receptors  in  neurotensin-induced  hypother¬ 
mia.  Previous  studies  (4,  5)  indicate  that  the  same  doses  of 
mepyramine  and  cimetidine  are  specific  H,  and  Hj  recep¬ 
tor  antagonists,  respectively,  and  did  not  change  the  body 
temperature  in  control  animals.  Both  mepyramine  and  ci¬ 
metidine,  which  are  found  to  antagonize  histamine-in¬ 
duced  hypothermia  (4,  5)  attenuated  neurotensin-induced 
hypothermia  (Fig.  4). 


DISCUSSION 

Ionizing  radiation  induces  either  hyperthermia  or  hypo¬ 
thermia  depending  upon  the  dose;  temperature  changes  ap¬ 
pear  to  be  centrally  mediated  (4,  5).  Histamine  has  been 
implicated  in  the  actions  of  ionizing  radiation,  including 
hypotension,  reduced  cerebral  blood  flow,  and  perfor¬ 
mance  decrement  (22).  Furthermore,  concentrations  of  his¬ 
tamine  in  circulating  blood  have  been  elevated  in  humans 
undergoing  radiation  therapy  (23)  as  well  as  in  dogs  and 
monkeys  (24-26)  following  radiation  exposure.  Histamine 
is  present  in  a  high  concentration  in  the  hypothalamus  (27, 
28),  and  is  localized  in  nerve  terminals  (29),  suggesting  that 
it  may  act  as  a  central  neurotransmitter.  Also,  histamine  is 
involved  in  many  physiological  functions,  including  ther¬ 
moregulation,  and  could  underlie  radiation-induced  hypo¬ 
thermia  (4,  5,  30). 

Histamine  is  stored  in  mast  cells  throughout  the  body 
(31),  including  the  brain  (32,  33),  and  neurotensin  has  been 
used  to  stimulate  histamine  release  (34-38).  When  injected 
into  the  lateral  cerebral  ventricle,  neurotensin  induced  a 
dose-dependent  hypothermia  in  rats  and  mice  (15-17), 
confirming  previous  results.  Neurotensin  is  contained  in 
the  normal  cerebrospinal  fluid  (39, 40),  and  may  play  a  role 
in  thermoregulation,  because  central  administration  of 
neurotensin  decreases  colonic  temperature  in  rodents  (15- 
17),  but  is  ineffective  following  peripheral  administration 
(15).  In  addition,  Muraki  et  al.  (41)  reported  a  decrease  in 
the  level  of  neurotensin-like  immunoreactivity  in  the  cere¬ 
brospinal  fluid  of  childien  with  febrile  aseptic  meningitis. 
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FIG.  2  Fflect  of  neurotensin  antibody  (NT-AB),  ICV.  on  NT-or  radiation-induced  hypothermia.  (A)  Nonirradiatcd  controls  given  25  fig(O),  50  pg 
( A),  or  100  pg  (□)  NT-AB;  ( B)  5  /ig  of  NT  atone  (•)  or  in  the  presence  of  25  /ig  (O).  50  ixg  (A),  or  1 00  pg  (□)  NT-AB;  (C)  50  Gy  irradiation  alone  (•)  or  in 
the  presence  of  25  pg  (O),  50  pg  ( A),  or  1 00  pg  (O)  NT  -AB  Each  point  represents  the  mean  3.  SE  of  observations  of  five  animals.  Zero  on  the  ordinate 
represents  the  temperature  at  the  time  of  second  injection 


suggesting  an  important  role  for  neurotensin  in  thermoregu¬ 
lation. 

Disodium  cromoglycate  is  a  potent  inhibitor  of  the  im¬ 
munological  release  of  chemical  mediators  secreted  from 


FIG.  3.  Effect  of  disodium  cromoglycate  (DSCG;,  ICV,  on  NT-ip- 
duced  hypothermia.  The  5  pg  of  NT  alone  (•)  or  in  the  presence  of  100  ng 
(O).  300  ng(A),  or  500  ng(0)  DSCG.  Each  point  represents  the  mean  ±  SE 
of  observations  of  five  animals.  Zero  on  the  ordinate  represents  the  iemper- 
ature  at  the  time  of  second  injection. 


mast  cells  (2/).  It  has  been  reported  that  neurotensin  stimu¬ 
lates  the  release  of  histamine  i/t  vivo  {37,  38,  42),  and  pre- 
treatment  with  disodium  cromoglycate  inhibits  the  neuro¬ 
tensin-induced  release  of  histamine  {34,  36,  37.  43).  The 
attenuation  of  neurotensin-induced  hypothermia  by  diso¬ 
dium  cromoglycate  and  histamine  H,  and  receptor  an¬ 
tagonists  in  this  study  suggests  that  neurotensin-induced 
hypothermia  was  mediated  by  histamine. 

There  are  no  specific  antagonists  available  to  antagonize 
neurotensin-induced  hypothermia;  therefore,  specific  anti¬ 
bodies  to  neurotensin  were  used  to  eliminate  endogenous 
neurotensin,  because  they  would  bind  and  inactivate  the 
neuropeptide  {43-45).  Researchers  have  reported  that  the 
centrally  administered  neurotensin  antibody  inhibits  neu¬ 
rotensin-induced  nociception  and  hypothermia  {44,  45).  In 
our  experiments,  pretreatment  with  neurotensin  antibody 
attenuated  neurotensin-induced  hypothermia,  but  had  no 
inhibitory  effect  on  radiation-induced  hypothermia,  sug¬ 
gesting  that  neurotensin  may  not  be  involved  in  radiation- 
induced  hypothermia.  Although  Cockerham  et  al.  {46) 
found  a  non.significanl  increase  in  plasma  neurotensin  lev¬ 
els  following  exposure  to  ionizing  radiation,  because  neuro¬ 
tensin  is  degraded  rapidly,  they  think  tissue  levels  might  be 
significantly  increased,  causing  the  release  of  histamine 
from  mast  cells  {46).  In  our  study,  pretreatment  with  neuro¬ 
tensin  antibody,  which  attenuated  neurotensin-induced  hy¬ 
pothermia,  did  not  reduce  radiation-induced  hypothermia. 
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FIG.  4.  Eli'cci  of  incpyiamine  (MEPYR).  ICV,  or  cimciidinc  (CIMET).  ICV.  on  NT-miluced  hypothermia.  (A)  5  ;ig  of  NT  alone  (•)  or  in  the 
presence  of  100  ng  (O)  or  300  ng  (A)  mepyramine  (B)  5  ftg  of  NT  alone  (•)  or  in  the  presence  of  100  ng  (O)  or  300  ng  (A)  cimetidinc.  Each  point 
represents  the  mean  ±  SE  of  observations  of  five  animals.  Zero  on  the  ordinate  represents  the  temperature  at  the  time  of  second  injection. 


Although  neurotcnsin-induccd  hypothermia  is  mediated 
by  histamine,  we  could  not  determine  if  radiation-induced 
hypothermia  is  mediated  by  endogenous  neurotensin. 
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Kiang,  JbLiANN  G.,  Leslie  C.  McKinney,  and  Elaine  K. 
Gallin.  Heat  induces  intracellular  acidification  in  human  A- 
431  celts,  role  of  Na"-H'  exchange  and  metabolism.  Am.  J. 
Physiol.  259  (Cell  Physiol.  28):  C727-C737, 1990. — The  resting 
intracellular  pH  (pH.)  of  A-431  cells  at  37*0  in  Na*  Hanks’ 
solution  is  7.23  ±  0.02.  In  the  presence  of  amiloride  (100  ;iM) 
pH,  decreases  to  7.08  ±  0.03.  Hyperthermia  induces  a  temper¬ 
ature-  and  time-dependent  intracellular  acidification  of  0.2  pH 
units  in  either  bicarbonate-free  or  bicarbonate-buffered  solu¬ 
tions.  .‘\fter  heat  treatment  (45*0,  10  min)  pH,  returns  to 
normal  1  h  after  incubation  at  37*0.  The  activity  of  the  Na*- 
H*  exchanger  was  examined  in  heated  and  unheated  cells  in 
the  absence  of  bicarbonate.  Unheated  cells  recover  from  an 
acid  load  in  a  (Na*l„-dependent  and  amiloride-sensitive  man¬ 
ner.  The  apparent  Michaelis  constant  for  extracellular  Na*  is 
38  ±  9  mM,  and  the  apparent  mean  affinity  constant  for 
amiloride  is  11  ±  3  nM.  In  heated  cells  the  apparent  affinity  of 
the  Na*-H*  exchanger  for  extracellular  Na*  is  not  changed,  but 
the  maximal  recovery  rate  is  ~40%  slower  than  that  of  un¬ 
heated  cells.  The  rate  of  recovery  from  acid  loading  returns  to 
normal  2  h  after  heat  treatment.  (Na*],  and  intrinsic  buffering 
power  in  heated  cells  are  the  same  as  those  in  unheated  cells. 
Decreases  in  both  intracellular  ATP  and  lactic  acid  are  ob¬ 
served  in  heated  cells.  2-Deoxy-D-glucose  and  sodium  azide 
induce  an  intracellular  acidification  but  prevent  most  of  the 
acidification  induced  by  heat.  Heat  treatment  causes  no  further 
acidification  in  cells  that  are  acidified  by  both  amiloride  and  2- 
deoxy-D-glucose  together.  These  data  are  the  first  to  suggest 
that  thermally  inducea  intracellular  acidification  is  due  to  both 
an  inhibition  of  Na*-H*  exchange  and  an  inhibition  of  meta¬ 
bolic  pathways. 

intracellular  pH;  hyperthermia;  epithelial  cells;  metabolic  in¬ 
hibitors;  thermal  injury;  2',7'-bis(carboxyethyl)-5,6-carboxy- 
fluorescein;  adenosine  5' -triphosphate;  intracellular  sodium 
concentration;  buffering  power;  proton  efflux 


HEAT  STRESS  induces  several  different  cellular  responses, 
including  inhibition  of  cell  growth  (21),  activation  of 
heat-stress  gene  expression  (43),  and  synthesis  of  heat- 
shock  proteins  (43).,  The  mechanism(s)  by  which  heat- 
shock  responses  are  induced  has  not  been  elucidated, 
although  a  number  of  intracellular  parameters  change 
following  heat  treatment,  including  intracellular  pH 
(pH,).  pH,  is  known  to  modulate  DNA  replication  and 
cell  proliferation  in  some  cell  systems  (19).  In  mutant 
fibroblasts  that  lack  a  functional  Na*-H‘^  exchanger, 
growth  factor-induced  alkalinization  in  bicarbonate-free 
buffer  is  blocked  and  cell  growth  is  inhibited,  although 
cell  growth  is  normal  in  these  cells  in  bicarbonate-con¬ 


taining  medium  (35).  Furthermore,  in  3T3  and  Vero  cells, 
the  expression  of  a  yeast  proton  pump,  which  results  in 
an  increase  in  pHi  of  0.2  units,  is  sufficient  to  induce 
tumorgenicity  and  growth  in  suspension  culture  (34). 
Additionally,  it  has  been  reported  that  pH,  has  important 
effects  on  second  messenger  levels.  In  avian  heart  fibro¬ 
blasts  (8)  and  rat  hepatocytes  (47),  an  intracellular  acid¬ 
ification  induces  a  decrease  in  cytosolic  Ca*^  and  intra¬ 
cellular  adenosine  3',5'-cyclic  monophosphate  (cAMP) 
levels,  and  intracellular  alkalinization  causes  an  increase 
in  cytosolic  Ca^"^  and  intracellular  cAMP  levels  even  in 
the  presence  of  NaHCOs  (5  mM).  These  findings  dem¬ 
onstrate  that  pH,  can  affect  cell  growth,  intracellular 
cAMP  levels,  and  Ca^*.  Therefore,  changes  in  pH,  follow¬ 
ing  thermal  injury  may  also  affect  these  parameters. 

The  relationship  between  temperature  and  pH,  has  not 
been  examined  in  human  cells,  but  in  cells  from  other 
species  there  is  a  variable  relationship  between  temper¬ 
ature  and  pHi  (see  review  in  Ref.  36).  For  example,  in 
giant  barnacle  muscle  fibers  (23)  and  mouse  soleus  mus¬ 
cle  (1),  pH,  falls  linearly  as  the  temperature  increases 
from  5  to  40°C.  Similarly,  pH;  decreases  when  mouse 
mastocytoma  cells  are  exposed  to  43'C  for  1  h  (48),  when 
salivary  gland  cells  of  Drosophila  are  heat  treated  at  35°C 
for  20  min  (9),  and  when  yeast  cells  are  heat  treated  at 
40'’C  for  45  min  (46).  In  contrast,  the  pHi  of  rat  ventric¬ 
ular  cells  is  unaffected  by  temperatures  from  25  to  35‘'C 
(11),  and  no  pH;  changes  are  found  in  murine  NG108- 
15  neuroblastoma  cells  exposed  to  43.5'’C  for  1  h  (7).  In 
Chinese  hamster  ovary  cells,  no  pH;  changes  are  found 
following  heat  treatment  at  43.5°C  for  55  min.  However, 
an  intracellular  acidification  is  found  in  these  cells  in  the 
absence  of  external  Na"’’.  Interestingly,  an  intracellular 
alkalinization  is  noted  when  these  cells  are  acid-adapted 
before  heat  treatment  (6). 

In  those  studies  the  mechanism(s)  underlying  the  heat- 
induced  pHi  changes  was  not  delineated.  It  is  possible 
that  thermal  injury  may  directly  affect  the  ability  of  cells 
to  regulate  pHj.  That  is,  heat  treatment  may  modify  the 
different  ion  transporters  that  are  involved  in  pH,  ho¬ 
meostasis,  including  Na'^-H'^  exchange  and  Na‘’’-depend- 
ent  and  Na'^-independent  Cr-HCOj  exchange  (18,  19). 
Alternatively,  heat-induced  pH;  changes  may  result  from 
heat-induced  metabolic  inhibition.  Several  metabolic  in¬ 
hibitors  have  been  shown  to  produce  an  intracellular 
acidification  (3,  10,  32),  although  the  effect  of  thermal 
injury  on  metabolism  has  not  been  characterized. 

This  study  examines  the  effects  of  thermal  injury  on 
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HEAT  INDUCES  A  DECREASE  IN  pH. 


pH,  of  human  epidermoid  carcinoma  A-431  cells  and 
investigates  the  mechanisms  underlying  the  pH,  changes 
that  occur  following  heat  treatment.  We  studied  an  epi¬ 
dermal  cell  line  because  skin  cells  are  especially  vulner¬ 
able  to  heat  shock  following  burn  injuries.  A-431  cells 
were  selected  for  these  studies  for  several  reasons.  They 
have  been  used  as  an  epidermal  cell  model  in  studies  on 
the  effects  of  epidermal  growth  factor  (12,  41,  421.  In 
addition,  a  Na*-dependent  amiloride-sensitive  Na'^-H* 
exchanger  has  been  identified  in  these  cells  (28,  37,  38), 
and  its  role  in  regulating  pH.  has  been  partially  charac¬ 
terized  (37,  38).  Finally,  the  effect  of  heat  treatment  on 
the  metabolism  of  a  tumor  cell  line  is  of  interest  to  those 
who  use  hyperthermia  as  an  adjuvant  treatment  in  cancer 
therapy  (21,  24),  since  the  inhibitory  effect  of  hyperther¬ 
mia  on  the  growth  of  tumor  cells  may  be  related  to 
changes  in  pH,. 

METHODS 

Cell  culture.  Human  epidermoid  carcinoma  A-431 
(.American  Type  Culture  Collection,  Rockville,  MD)  were 
grown  in  75-cm^  tissue  culture  flasks  (Costar,  Cambridge, 
.MA)  in  a  5%  COa  incubator  at  37^.  The  tissue  culture 
medium  was  Dulbecco’s  modified  Eagle’s  medium  sup¬ 
plemented  with  0.03®"  glutamine,  4.5  g/1  glucose,  25  mM 
N-2-hydroxyethy’.piperazine-N'-2-ethanesulfonic  acid 
(HEPES),  10%  fetal  bovine  serum,  50  ^tg/ml  penicillin, 
and  50  U/ml  streptomycin  (GIBCO  Laboratories,  Grand 
Island,  NY).  Cells  were  fed  every  3-4  days.  Cells  from 
passages  28-35  were  used  for  experiments. 

Heat  treatment  was  performed  by  adding  Hanks’  so¬ 
lution  at  37,  42,  45,  or  50°C  to  the  cells  and  placing  the 
cells  in  the  same  temperature  water  bath  for  10  s  or  5, 
10,  20,  or  30  min.  Cell  viability  was  determined  in  three 
different  ways:  trypan  blue  exclusion,  ethidium  bromide- 
acridine  orange  staining,  and  lactate  dehydrogenase  re¬ 
lease  (13).  The  plating  efficiency  of  heat-treated  cells 
was  examined  by  trypsinizing  cells  after  heat  treatment, 
replating,  and  24  h  later  counting  the  percentage  of 
adherent  cells. 

pH,  measurements.  Confluent  epithelial  cells  were 
trypsinized  with  0.025%  trypsin  containing  0.2  mg/ml 
EDTA  (Biofluid,  Rockville,  MD)  for  10  min  at  3TC.  The 
cells  were  centrifuged  and  resuspended  in  Hanks’  solu¬ 
tion  containing  5  mM  glucose  and  0.2%  bovine  serum 
albumin  at  37°C  for  1  h  to  allow  them  to  recover  from 
trypsinization  (30).  After  this,  the  cells  were  centrifuged 
again,  resuspended  to  2  x  10®  cells/ml  in  Hanks’  solution 
supplemented  with  5  mM  glucose,  0.2%  albumin,  and  2 
/xM  2',7'-bis(carboxyethyl)carboxyfluorescein  acetoxy- 
methyl  ester  (BCECF/AM),  and  incubated  for  30  min  at 
37'’C.  At  the  end  of  the  incubation  period  cells  were 
washed  twice  with  Na"’^  Hanks’  solution.  Aliquots  of  cells 
were  centrifuged,  resuspended  to  10®  cells/ml  in  Na* 
Hanks’  solution  without  glucose  and  albumin,  and  trans¬ 
ferred  to  a  cuvette  maintained  at  37°C.  The  BCECF 
fluorescence  was  measured  with  an  SLM  8000C  spectro- 
fluorometer  as  the  ratio  of  emission  at  530  nm  for  dual 
excitation  at  497  and  437  nm  (slit  width  4  nm).  BCECF 
leaks  out  of  A-431  cells  at  a  rate  of  0.77  ±  0.26%/min  (n 
=  3)  and  2.18  ±  0.11%/min  (n  =  3)  at  37  and  45"C, 


respectively.  Cells  exposed  to  45°C  for  10  min  and  then 
returned  to  37‘’C  have  a  leak  rate  of  0.54  ±  0.05%/min 
(n  =  3)  that  is  not  significantly  different  from  the  rate 
observed  »n  unheated  cells.  The  extracellular  dye  carried 
over  from  washes  is  6  ±  1%  (n  =  3).  The  fluorescence 
signal  was  calibrated  using  a  method  modified  from 
Thomas  et  al.  (44)  and  summarized  as  follows.  Cells  were 
suspended  in  K"’’  Hanks’  solution  tcontaining  (in  mM) 
145  KCl,  5  NaCl,  1.2  MgClj,  1.6  CaCL,  and  10  HEPES, 
pH  7.35  at  24‘’C;  145  mM  K*  is  near  the  normal  [K*]. 
for  these  cells:  [K'’’)  =  137  ±  13  mMj.  Nigericin  (3  ^M) 
and  valinomycin  (3  /xM)  were  added  to  the  cell  suspen¬ 
sion  for  5  min.  The  solution  was  then  titrated  with  KOH 
or  HCl  and  the  fluorescence  signal  recorded.  Extracel¬ 
lular  pH  (pHo)  was  recorded  using  a  Corning  model  125 
pH  meter.  The  calibration  curves  were  fitted  by  a  sigmoid 
line,  and  pHj  values  were  calculated  using  the  fitted 
parameter  values.  Calibration  curves  for  cells  maintained 
at  37'’C  and  for  cells  heated  at  45°C  for  10  min,  then 
either  held  at  45^  or  returned  to  37°C  for  measure¬ 
ments,  were  similar  for  all  treatment  groups  (Fig.  1).  In 
a  related  experiment,  cells  were  heated  in  Hanks’  solu¬ 
tion  buffered  with  25  mM  HC03-5%  CO2,  and  pH.  was 
measured  in  the  presence  of  HCO3-CO2. 

To  measure  the  initial  alkalinization  rate  (recovery 
from  acidification)  of  acid-loaded  cells,  cells  were  incu¬ 
bated  for  10  s-15  min  in  Hanks’  solution  containing 
NH4CI  (5-70  mM)  with  NaCl  (75-140  mM)  added  to 
maintain  isosmolarity.  After  NH4CI  loading,  cells  were 
resuspended  in  NH4CI  and  Na*-free  Hanks’  solution  for 
2  min  to  set  pH,  to  different  levels.  Recovery  from 
acidification  was  measured  as  soon  as  the  cells  were 
resuspended  in  Na'^'-containing  Hanks’  solution.  The 
initial  rate  of  recovery  was  determined  by  measuring  the 


Hanks’  solution  before  taking  the  fluorescence  measurement  (n  =  15). 
Non-heat-treated  cells  were  held  at  37*C  (•). 
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slope  of  a  fitted  straight  line  to  the  initial  30  s  of  the 
fluorescence  trace. 

Measurement  of  H*  extrusion.  The  rate  of  H*  extrusion 
from  suspended  cells  is  derived  from  measurement  of 
external  pH  according  to  the  method  of  Grinstein  et  al. 
(17).  Continuously  shaken  cell  suspensions  (4  X  10®  cells) 
were  maintained  in  lightly  buffered  (0.5  mM  HEPES) 
Hanks’  solution  at  37  or  45'’C  for  10  min,  and  pHo  was 
then  measured  at  37°C  every  2  min  for  10  min  using  a 
Corning  model  125  or  250  pH  meter.  The  pH  in  the 
Hanks’  solution  was  in  the  range  of  7. 1-7.3.  extrusion 
was  calculated  by  multiplying  the  change  in  pHo  between 
0  and  10  min  by  the  buffering  power  of  the  medium, 
which  was  determined  by  titration.  Results  are  expressed 
in  units  of  nmoles  H"’’  extruded  per  10®  cells  per  minute. 

Measurement  of  intracellular  buffering  power.  Cellular 
buffering  power  was  measured  according  to  methods  of 
Boron  (2)  and  Ng  and  Dudley  (31).  pHi  of  cells  (1  x  10® 
cells/ml)  was  set  by  exposing  the  cells  to  nigericin  (2 
mM)  for  5  min  in  Hanks’  solution  having  pH  ranging 
from  6.5  to  7.8.  After  incubation,  cells  were  centrifuged, 
washed,  and  resuspended  in  145  mM  K"’’  Hanks’  solution 
containing  1%  nonesterified  fatty  acid- free  bovine  serum 
albumin,  which  scavenged  nigericin  from  the  cell  mem¬ 
brane.  Aliquots  of  NH^Cl  (1-8  mM)  were  then  added, 
and  alkalinization  of  the  cells  was  measured.  Buffering 
power  was  calculated  from  the  equation 

Buffering  power  =  A(NHt]/ApHi 

=  INHali  X  lO'P'^'-pH'VApHi 

where  pH,  is  the  value  following  addition  of  NH4CI.  The 
p/C,  of  NHt  is  8.89  at  3TC  and  is  assumed  to  be  un¬ 
changed  inside  the  cell.  [NH3I,  is  assumed  to  be  equal  to 
(NHsJo,  which  is  calculated  from  the  Henderson-Hassel- 
bach  equation. 

Intracellular  Na*  measurements.  Cells  (2  X  10’)  were 
centrifuged  through  Versilube  F50  silicone  fluid  (General 
Electric)  using  a  Beckman  microAige.  The  aqueous  phase 
and  the  oil  phase  were  gently  aspirated  and  discarded. 
The  cell  pellet  was  resuspended  in  1  ml  deionized  distilled 
water  for  1  h  and  sonicated  for  5  min  to  completely  lyse 
the  cells.  Lysates  were  centrifuged  at  1,500  g  for  10  min 
to  remove  particulate  debris,  and  the  supernatant  was 
collected.  The  Na*  content  of  the  supernatant  was  de¬ 
termined  by  emission  flame  photometry  (Instrumenta¬ 
tion  Laboratory  model  09430-12).  To  determine  cell 
water  content,  the  tip  of  the  polypropylene  centrifuge 
tube  containing  the  cell  pellet  was  weighed  before  and 
after  drying  at  80^  for  72  h,  with  the  ^fference  repre¬ 
senting  the  wet  weight  of  the  cell.  Wet  weight  was  found 
to  be  33  pl/lO®  cells.  Values  for  intracellular  Na'’’  and 
water  content  were  corrected  for  extracellular  fluid 
trapped  in  the  cell  pellet  after  centrifugation  through  the 
oil  cushion  using  (’HJsucrose  (Du  Pont-New  England 
Nuclear,  Boston,  MA)  as  an  extracellular  marker  (25). 

ATP  measurements.  Cellular  ATP  was  determined 
after  extracting  1  x  10®  cells/sample  with  ATP-releasing 
reagent  (a  detergent  containing  NaOH,  product  no.  FL- 
SAR,  Sigma  Chemical,  St.  Louis,  MO)  for  15  min  at  O'C. 
The  extract  was  assayed  for  ATP  contents  by  using  the 
luciferase-luciferin  assay  (kit  FL-ASC,  Sigma)  with  a 


luminometer  (Picolite  model  6500). 

Solutions.  Hanks’  solution  contained  (in  mM)  148 
NaCl,  4.6  KCl,  1.2  MgCL,  1.6  CaCL,  and  10  HEPES  (pH 
7.26  at  37'’C).  The  pH  of  Na*  Hanks’  solution  heated  to 
45‘’C  is  7.11.  In  Na^-free  Hanks’  buffer,  NaCl  was  sub¬ 
stituted  by  equimolar  concentrations  of  either  choline 
chloride,  iV-methyl-(+)-glucamine  chloride  (NMG),  or 
D-(+) -glucosamine  chloride.  In  bicarbonate-buffered  Na” 
Hanks’  solution,  HEPES  was  replaced  by  25  mM  Na- 
HCO3  and  bubbled  with  5%  CO2  (pH  7.26  at  37°C). 

Statistical  analysis.  All  data  are  expressed  as  means  ± 
SE.  Nonlinear  least-squares  fits  to  the  data  were  carried 
out  using  the  RSl  statistical  package  (BBN  Software, 
Cambridge,  MA).  Analysis  of  variance  (ANOVA),  Stu- 
dentized  range  test,  Bonferroni’s  inequality.  Student’s  t 
test,  linear  regression,  and  Mann-Whitney  test  were  used 
for  comparison  of  groups  (40). 

Chemicals.  BCECF/AM,  nigericin,  and  valinomycin 
were  purchased  from  Molecular  Probes  (Eugene,  OR). 
Other  chemicals  used  in  this  study  were  sodium  azide,  2- 
deoxy-D-glucose,  trypan  blue,  ethidium  bromide,  acridine 
orange,  amiloride,  bovine  serum  albumin  (fatty  acid  and 
globulin-free,  product  no.  A-0281,  Sigma),  choline  chlo¬ 
ride,  iV-methyl-(-f)-glucamine,  and  D-(-l-)-glucosamine 
chloride  (Sigma). 


Heat-induced  intracellular  acidification  in  bicarbonate- 
free  Na*  Hanks'  solution.  The  resting  pH,  of  A-431  cells 
at  37'’C  in  Hanks’  solution  (pHo  7.26)  is  7.23  ±  0.02  (n 
=  24).  Cells  subjected  to  temperatures  >37°C  for  10  min 
exhibit  an  intracellular  acidification  that  is  temperature 
dependent,  and  maximal  acidification  (-0.25  pH  units) 
is  observed  at  50'’C  (Fig.  2).  Further  acidification  is  not 
observed  >50’C  (data  not  shown).  The  degree  of  acidi¬ 
fication  also  depends  on  the  duration  of  exposure  to  heat 
(Fig.  3).  The  pHj  of  cells  exposed  to  45‘’C  for  10  s-30  min 
decreases  from  7.20  ±  0.05  to  6.99  ±  0.06.  In  this  study 
heat  treatment  decreased  the  pHo  from  7.26  to  7.11,  but 


FIG.  2.  Effect  of  temperature  on  intracellular  pH  (pH,).  Cells  were 
exposed  to  37, 42, 45,  or  50*C  for  10  min,'then  pH;  was  measured  (n  = 
3-22).  •  P  <  0.05  vs.  37*C,  **  P  <  0.05  vs.  37  and  42‘C.  1-way  ANOVA 
and  Bonferroni’s  inequality  test. 
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FIG.  3.  Effect  of  duration  of  heating  on  pH,.  Cells  were  exposed  to 
45'C  for  different  times  (n  =  3-17).  A:  fluorometer  tracing  of  cells 
exposed  to  4.5‘C.  8  pH.  decreases  with  duration  of  heat  exposure.  ‘P 
<  0  05  vs  control,  2-way  ANOVA  and  Bonferroni’s  inequality  test. 
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FIG.  4  Recovery  after  acidification  induced  by  exposure  to  45*C  for 
10  min  in  =  4-6).  *P  <  0.05  vs.  37’C,  2-way  ANOVA  and  Bonferroni’s 
inequality  test. 

the  (degree  of  acidification  is  similar  even  when  pHo  is 
maintained  at  7.26.  Although  heat  treatment  under  these 
conditions  does  not  induce  acidification  below  pHi  of 
~6.95,  this  value  did  not  represent  an  absolute  limit. 
That  is,  cells  that  were  preacidified  to  6.9  ±  0.01  (n  =  3) 
by  a  prepulse  of  NH4CI  and  maintained  in  Na*-free 
Hanks’  solution  during  heat  treatment  (45'’C  for  10  min) 
still  show  a  decrease  in  pHj  to  6.78  ±  0.04  {n  =  4). 
Furthermore,  cells  exposed  to  K*  Hanks’  solution  (145 
mM  KCl)  have  a  lower  than  normal  resting  pH;  of  7.0  ± 
0.04  (n  =  7)  but  still  acidify  in  response  to  heat  treatment 
to  6.8  ±  0.04  (n  =  4). 

Recovery  from  the  acidification  induced  by  heat  treat¬ 
ment  was  examined  in  cells  exposed  to  45’C  for  10  min, 
then  incubated  at  37°C  for  up  to  1  h.  Figure  4  demon¬ 
strates  that  the  pHj  in  heat-treated  cells  returns  to 
control  (unheated)  levels  after  1  h.  Amiloride  prevents 
the  recovery  from  heat-:.’duced  acidification.  Cells  that 
had  been  heat  treated  (45*C  for  10  min),  then  incubated 
at  37'’C  for  1  h  in  the  presence  o'"  amiloride  (100  nM), 


have  a  pHi  of  7.07  ±  0.02  (n  =  4).  This  value  is  not 
statistically  different  from  the  pH,  of  cells  imm--'diately 
after  heat  treatment  (7.03  ±  0.02,  n  =  16)  but  is  signifi¬ 
cantly  less  than  the  pH,  of  heat-treated  cells  allowed  to 
recover  in  the  absence  of  amiloride  (7.22  ±  0.01,  n  =  4). 

To  assess  whether  the  heat-induced  pHi  changes  are 
related  to  cell  death,  cell  viability  was  measured  using 
several  different  methods.  The  data  in  Table  1  demon¬ 
strate  that  the  viability  of  heat-treated  cells  (45°C  for  5 
or  10  min)  assessed  by  trypan  blue  exclusion  and  ethid- 
ium  bromide-acridine  orange  staining  is  not  different 
from  that  of  unheated  cells.  Cells  exposed  to  45°  C  for  30 
min  exhibit  a  small  (5-10%)  decrease  in  viability,  which 
is  confirmed  by  lactate  dehydrogenase  measurements. 
Because  it  is  possible  that  the  cells  are  viable  immedi¬ 
ately  after  heat  treatment,  but  become  nonfunctional 
later,  the  plating  efficiency  of  heated  cells  was  examined 
24  h  after  heat  treatment.  Cells  heated  at  45°C  for  10  or 
3(  ain  were  replated  on  culture  dishes  immediately  after 
heat  treatment,  and  24  h  later  the  percentage  of  adherent 
cells  in  heat-treated  groups  was  compareil  with  that  of 
adherent  cells  in  the  control  groups.  Exposure  to  45°C 
for  10  min  has  little  effect  on  plating  efficiency,  but  a 
30-min  exposure  to  heat  decreases  the  plating  efficiency 
by  10%.  Based  on  these  results  and  the  data  on  heat- 
induced  acidification,  heat  treatment  at  45°C  for  10  min 
was  selected  for  subsequent  experiments. 

Heat-induced  intracellular  acidification  in  HCOi-COz- 
buffered  Hanks'  solution.  Cassel  et  al.  (5)  and  Ganz  et  al. 
(14)  have  reported  that  stimulus-induced  pH,  changes 
can  be  attenuated  in  the  presence  of  bicarbonate.  To 
determine  whether  heat-induced  intracellular  acidifica¬ 
tion  occurs  in  the  presence  of  bicarbonate,  we  measured 
the  heat-induced  pHi  changes  in  cells  suspended  in  Na* 
Hanks’  solution  buffered  with  5%  CO2-25  mM  HCO.T 
(pHo  7.26).  As  noted  by  Cassel  et  al.  (5),  the  resting  pH, 
of  A-431  cells  in  the  presence  of  bicarbonate  (7.42  ±  0.03, 
n  =  13)  is  higher  than  that  in  Na’’  Hanks’  solution  (7.23 
±  0.02,  n  =  24).  Surprisingly,  amiloride  (100  /iM)  de¬ 
creases  the  pH,  of  cells  in  bicarbonate  Hanks’  solution 
to  7.29  ±  0.04,  supporting  the  view  that  the  Na^-H* 
exchanger  contributes  to  the  resting  pH,  even  in  the 
presence  of  bicarbonate.  However,  even  in  the  presence 
of  bicarbonate,  pH,  declines  from  7.42  ±  0.03  (n  -  13)  to 
7.22  ±  0.04  (n  =  9)  following  heat  treatment  for  10  min 
at  45°C.  This  heat-induced  intracellular  acidification  is 


TABLE  1.  Cell  viability  following  thermal  injury 


Viability.  % 

Trypan  blue 

EB/AO 

LDH 

Plating 

efficiency 

Control 

Heated 

100 

100 

9.3+0.8 

94±1 

5  Min 

99±1 

• 

8.8±0.5 

• 

10  Min 

97±2 

97±0.4 

n.2il.6 

90±1 

30  Min 

90±4t 

95±lt 

23.4±3.7t 

84*2+ 

Values  are  means  ±  SE  expressed  as  percentage  of  total  cell  popu¬ 
lation  (n  =  3-6  experiments).  Cells  were  heated  at  45*C  for  indicated 
periods  of  time,  then  returned  to  37*C  and  assayed.  EB/.40.  ethidium 
bromide-acridine  orange;  lactate  dehydrogenase  (LDH)  measuremsnt.s 
represent  percentage  of  total  cellular  LDH  released  into  supernatant. 
•  Not  done,  t  P  <  0.05  vs.  control,  determined  by  Student's  t  test. 
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not  observed  when  cells  are  heat  treated  in  the  presence 
of  amiloride  (100  /itM)  (pH,  =  7.29  ±  0.04  at  37°C,  7.25 
±  0.05  at  45'’C;  n  =  7  for  both  groups).  Thus  heat- 
indjced  acidification  occurs  under  physiological  buffer¬ 
ing  conditions. 

Because  the  steady-state  pH,  of  A-431  cells  in  the 
absence  or  presence  of  bicarbonate  is  well  above  electro¬ 
chemical  equilibrium  (~6.2  at  37“'C  assuming  pHo  7.25 
and  membrane  potential  =  -65  mV),  energy-dependent 
processes  must  be  involved  in  maintaining  steady-state 
pH,.  Inhibition  of  any  of  these  by  heat  treatment  can 
result  in  intracellular  acidification.  The  rest  of  our  study 
is  focused  on  determining  the  effect  of  heat  treatment 
on  the  functioning  of  one  transport  system  involved  in 
regulating  pH„  Na^-H"^  exchange,  and  metabolism, 
which  supplies  the  energy  necessary  for  maintaining 
ionic  gradients.  These  experiments  were  conducted  in 
bicarbonate-free  Na'^  Hanks’  solution  to  eliminate  the 
effect  of  bicarbonate-dependent  process  on  pHi. 

Characterization  of  Na*-H*  exchange.  In  cells  in  which 
Na*-H*  exchange  contributes  to  resting  pHi,  an  inhibi¬ 
tion  of  this  exchange  could  lead  to  intracellular  acidifi¬ 
cation.  Na’'-H*  exchanger  activity  was  determined  in 
resting  cells  by  measuring  the  effect  of  amiloride  on 
resting  pHi.  Amiloride  (100  ^M)  causes  resting  pH;  to 
decrease  from  7.23  ±  0.02  (n  =  24)  to  7.08  ±  0.01  (n  = 
5)  (Fig.  5,  top  tracing).  As  will  be  discussed  later,  amil¬ 
oride  does  not  reduce  the  resting  pH,  of  heated  cells  (Fig. 
5,  bottom  tracing). 

Recovery  from  an  imposed  acid  load  is  also  mediated 
by  Na‘’'-H'’’  exchange  in  these  cells.  Acid-loaded  cells 
(prepulsed  with  40  mM  NH4CI  Hanks’  solution  for  15 
min)  have  a  pH,  of  6.69  ±  0.02  (n  =  22)  in  Na^-free 
(NMG)  Hanks’  solution,  but  their  pH.  returns  to  7.2 
within  4  min  after  being  placed  in  Na*  Hanks’  solution 
(Fig.  6A,  inset).  Recovery  is  both  [Na*],  dependent  and 
inhibited  by  amiloride.  The  initial  rate  of  recovery  is 
inhibited  96%  in  Na‘’'-free  solution.  Increasing  (Na^lo 
from  0  to  145  mM  increases  the  rate  of  recovery,  with  an 
apparent  Michaelis  constant  (Km)  for  extracellular  Na’’’ 
of  38  ±  9  mM  (Fig.  6A).  Amiloride  (100  pM)  inhibits  the 
initial  rate  of  recovery  from  acidification  in  Na’’’  Hanks’ 
solution  by  96%.  Inhibition  is  concentration  dependent 
with  an  apparent  mean  affinity  constant  (Ky,)  for  amil¬ 
oride  of  11  ±  3  pM  (Fig.  6B).  Because  the  rate  of  recovery 
is  inhibited  by  96%  in  both  Na’’’-free  and  amilonde- 
containing  solutions,  Na^’-H’’’  exchange  appears  to  be  the 
primary  process  responsible  for  recovery  from  an  acid 
load  in  these  cells  in  bicarbonate-free  buffer.  Thus,  if 
heat  treatment  inhibits  the  activity  of  the  Na’’’-H’’’  ex¬ 
changer,  then  the  rate  of  recovery  from  an  acid  load 


FIG.  a.  Fluorometer  tracings  of  effect  of  amiloride  (100  mM)  on  pH, 
of  control  (37*C)  and  heat-treated  (45*C)  cells. 


A 


FIG.  6.  Evidence  for  Na*-H*  exchange  in  A-431  cells  Cells  were 
loaded  with  NH,C1  (40  mM)  for  15  min,  placed  in  Na*-free  (NMG) 
medium  for  2  min,  then  resuspended  in  buffer  containing  different 
concentrations  of  Na*.  A:  rate  of  alkalinization  following  acid  loading 
is  dependent  on  (Na*).  (n  =  3-4).  Na'-’  sensitive  ponion  of  recovery 
was  substracted  from  these  values.  Apparent  Km  for  Na'  is  38  ±  9  m.M. 
fnset:  fluorometer  tracings  of  time  required  for  acid-loaded  cells  to 
alkalinize  in  the  presence  of  several  Na'  concentrations.  No  recovery 
is  observed  in  Na'-free  Hanks'  solution.  B:  amiloride  blocks  recovery 
from  acid  loading  {n  =  3-4).  Apparent  K.,  for  amiloride  is  11  ±  3  ii.M. 
Inset:  fluorometer  tracings  with  different  concentrations  of  amiloride 
(in  ^M). 

should  be  inhibited  in  heated  cells. 

Heat-induced  inhibition  of  recovery  from  acidification. 
The  effect  of  heat  treatment  (45'’C  for  10  min)  on  the 
rate  of  recovery  from  an  acid  load  is  shown  in  Fig.  7. 
After  heat  treatment,  cells  were  returned  to  37'’C  for 
either  2  min  or  1  or  2  h,  then  acid  loaded  and  allowed  to 
recover.  The  fluorescence  tracings  from  these  experi¬ 
ments  are  shown  in  Fig.  7A.  Cells  allowed  to  recover  for 
either  2  min  or  1  h  before  acid  loading  show  a  reduced 
rate  of  recovery.  In  cells  allowed  to  recover  for  2  h  before 
they  are  acid  loaded,  the  rate  of  recovery  from  acid 
loading  is  not  different  from  that  of  control  cells. 

In  A-431  cells,  as  in  other  cell  types,  the  initial  rate  of 
recovery  from  acidification  is  proportional  to  the  mag¬ 
nitude  of  acidification  (4,  39).  Figure  IB  shows  that  heat 
treatment  changes  the  slope  of  the  pH,  vs.  recovery  rate 
curve.  Cells  that  had  been  heat  treated  and  allowed  to 
recover  for  either  2  min  or  1  or  2  h  were  acid  loaded  to 
different  pHi  values,  and  the  initial  rate  of  recovery  was 
measured  as  a  function  of  pH-,.  (It  should  be  noted  that 
the  cells  allowed  to  recover  from  heat  treatment  for  2 
min  were  acid  loaded  to  pHj  values  of  only  6.73  or  greater 
because  acid  loading  below  that  value  required  >5-min 
incubation  periods.)  The  dependence  of  the  rate  of  re¬ 
covery  on  pHi  for  unheated  and  heat-treated  cells  allowed 
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FIC.  7.  Effect  of  heat  treatment  on  'ate  ol  alkalin- 
ization  of  acid-1 -aded  cells.  Cells  were  heated  at  l.i  C 
for  10  mm.  acid-loaded  by  pulsing  with  .N'H.CI  i.i-To 
m.M)  immediately  or  1  or  2  h  after  heat  treatment, 
then  placed  in  Na*-free  (N.MG)  media  for  2  min  to  set 
their  pH,,  then  resuspended  in  Na'  Hanks'  ^olutlon 
for  measurements.  A:  tluorometer  tracings  of  etfect  of 
acid  loading  the  cells  at  different  times  alter  heat 
treatment.  B:  relationship  of  initial  rate  of  alkaliniza- 
tion  to  the  level  of  acidification  following  acid  loading 
of  unheated  cells  (n  -  18)  and  cells  loaded  2  mm  in  = 
15),  1  h  (n  =  '20).  or  2  h  In  =  12)  after  heat.  Correlation 
coefficients  of  the  linear  regression  lines  are  0  92. 0.97. 
and  0.88  for  unheated.  1  h  postheat,  and  2  h  postheat. 
respectively.  C:  initial  rates  of  alkalimzation  from  an 
acid  load  with  different  |Na‘|,  in  heated  cells  1-h  post- 
heat  treatment.  Inserted  table  represents  the  V,^„  and 
apparent  for  external  Na*  in  unheated  and  heat- 
treated  cells  1  h  after  heating. 


to  recover  for  2  h  is  the  same.  However,  the  rate  of 
recovery  for  heat-treated  cells  either  2  min  or  1  h  after 
heat  treatment  is  significantly  reduced  over  a  wide  range 
of  pH..  The  x-intercept  of  the  line  for  the  data  obtained 
1  h  after  thermal  injury  is  not  significantly  different  from 
the  x-intercept  of  the  line  through  the  data  obtained 
from  unheated  cells,  indicating  no  shift  in  the  “set  point” 
of  the  curve.  This  is  consistent  with  the  observation  that 
the  resting  pHj  of  heat-treated  cells  is  normal  after  1  h. 

Because  the  apparent  inhibition  of  Na*-H'^  activity 
could  be  due  to  a  change  in  maximal  initial  alkalinization 
rate  { V„u)  of  the  exchanger,  or  to  changes  in  the  affinity 
of  the  exchanger  for  extracellular  Na*  or  intracellular 
H*,  the  apparent  affinity  for  extracellular  Na*  was  eval¬ 
uated  in  ceils  that  were  heat  treated  at  45’C  for  10  min, 
then  returned  to  37'C  for  1  h.  Figure  7C  shows  that  the 
apparent  for  extracellular  Na*  in  heat-treated  cells 
is  not  statistically  different  from  that  of  unheated  ceils. 


whereas  the  apparent  Vma.  is  ~40%  slower  than  that  of 
unheated  cells.  The  apparent  affinity  for  Hr  was  not 
calculated. 

Although  our  data  are  consistent  with  the  idea  that 
Na*-H*  exchange  has  been  inhibited,  changes  in  either 
cellular  buffering  capacity  or  the  Na*  gradient  could  also 
produce  these  effects.  Cellular  buffering  power  in  un¬ 
heated  and  heat-treated  cells  1  h  after  heating  was  meas¬ 
ured  (Fig.  8).  As  has  been  shown  in  many  other  cell  types 
(2,  31,  36),  buffering  power  values  vary  with  pHj.  In  A- 
431  cells,  buffering  power  remains  constant  in  the  pH, 
range  1.2-1  A  in  both  groups  but  is  inversely  proportional 
to  pHi  below  pHj  7.2.  However,  heat  treatment  does  not 
change  the  buffering  power  in  these  cells.  Furthermore, 
the  (Na*Ii  in  both  groups  is  not  statistically  different 
(unheated:  27  ±  3  mmol/1  cell  water,  n  =  7;  heat  treated: 
29  ±  9  mmol/1  cell  water,  n  =  7),  indicating  that  heat 
induced  intracellular  acidification  is  not  due  to  a  decrease 
in  the  Na*  gradient.  These  results  are  similar  to  the 


HEAT  INDUCES  A  DECREASE  IN  pH, 


C733 


!  1 

1 

I  , 

j 


037‘‘C 

•  1  n  D<'s!-''e.ii 


o  o 

•  o 


S  o 

•°  ,  00 


68  72  76 

pH, 


FK.  S  Rel.iiionship  of  cellular  buffering  power  to  pH,  in  cells 
•.uspended  in  nuininall>  baarbonate-free  bulfer  exposed  to  37  or  -lo'C 
lor  10  min  (n  =  l8-2'2l 


TABLE  2.  Removal  of  Na"  reduces  magnitude 
of  heat-induced  acidification 


pH. 

37*C 

45'C 

Decrease 

.Na- 

7.23±0.02 

7.03*0.03 

0.20*0.02 

Choline 

6.93*0.03 

6.83±0.03 

0.10*0.03* 

DU  1  Cilueosamine 

7.08i:0.02 

6.95s:i\02 

0.13+0.02* 

.V-mcihyl  (■‘■l-glucamine 

7  52±0.01 

7,37*f.02 

0.15+0.02* 

Values  are  means  SE  (n  =  3-2-1  experiments/.  Cells  were  heated 
in  specifr  •'  '  ,anks'  solution  at  45'C  for  10  min.  pH„  intracellular  pH. 
•  P  <  00,8  vs  Na*  Hanks'  solution,  Student's  t  test. 


obsen-ation  that  intracellular  Na"'  does  not  change  in 
mouse  mastocytoma  p815  cells  exposed  to  43°C  for  1  h 
(48). 

Magnitude  of  heat-induced  acidification  is  reduced  un¬ 
der  conditions  that  inhibit  the  Na*-H*  exchanger.  The 
relationship  between  heat-induced  intracellular  acidifi¬ 
cation  and  the  activity  of  the  Na’'-H'^  exchanger  was 
determined  by  measuring  the  magnitude  of  heat-induced 
acidification  in  the  presence  of  amiloride.  If  heat-induced 
acidification  were  due  solely  to  an  inhibition  of  Na^-H"^ 
exchange,  then  amiloride-treated  cells  should  not  be 
acidified  upon  heating.  The  pH,  of  am.loride-treated  cells 
is  7.08  ±  0.03  (n  =  4),  while  the  pHi  of  cells  heated  at 
45'’C  for  10  min  in  amiloride-containing  Na'^  Hanks’ 
solution  is  6.990  ±  0  006  (n-  =  5).  The  magnitude  of  the 
heat-induced  pH.  change  is  only  50%  of  the  heat-ii..'uced 
pH,  change  in  the  absence  of  amiloride.  Conversely,  when 
amiloride  (100  nM)  is  added  to  heat-treated  cells  (7.03  ± 
0.02,  n  =  16)  the  pH;  is  not  reduced  further  (6.99  ±  0.04; 
n  =  6;  Fig.  5,  bottom  tracing). 

Experiments  were  also  conducted  in  Na'^'-free  Hanks’ 
solution  in  which  the  activity  of  the  Na'’'-H'’'  exchanger 
was  inhibited  by  removing  extracellular  Na’’’.  Heat  treat¬ 
ment  produces  additional  intracellular  acidification  in 
the  absence  of  extracellular  Na'’’,  although  the  degree  of 
acidification  is  reduced  (Table  2).  When  either  choline 
or  D-(+)-glucosamine  was  used  as  a  Na’’'  substitute,  the 
resting  pH,  decreases,  as  it  did  in  the  presence  of  amil¬ 
oride,  presumably  because  the  Na'’'-H'’^  exchanger  is  in¬ 
hibited.  The  heat-induced  acidification  is  still  observed, 
but  its  magnitude  is  50%  of  that  in  Na'’'-containing 
Hanks’  solution.  When  NMG  is  used  as  a  Na"’"  substitute, 
the  resting  pH,  becomes  more  alkaline  (7.52  ±  0.01,  n  = 
3),  probably  as  a  result  of  che  entry  of  this  weak  base 


into  the  cell  (39).  Heat-induced  acidification  is  also  ob¬ 
served  in  this  solution,  although  its  magnitude  is  only 
25%  of  that  of  the  control.  The  data  obtained  with  Na* 
substitutes  together  with  the  amiloride  data  indicate  that 
an  inhibition  of  Na'^-H'’'  exchange  accounts  for  ~50%  of 
the  heat-induced  acidification. 

Heat-induced  inhibition,  of  steady-state  H*  efflux.  To 
further  test  the  hypothesis  that  Na'’-H*  exchange  is 
inhibited  by  heat  treatment,  steady-state  H*  efflux,  with 
an  without  amiloride  or  Na"’",  was  measured  by  monitor¬ 
ing  the  external  pH  of  suspended  cells  in  lightly  buffered 
(0.5  mM  HEPES)  Na'*  Hanks’  solution.  This  experiment 
also  allows  us  to  determine  whether  heat-induced  intra¬ 
cellular  acidification  is  the  result  of  an  increased  uptake 
of  external  H*.  The  results  in  Table  3  show  that  a 
suspension  of  control  cells  (Na*  Hanks',  37°C)  extrudes 
H*  and  that  t.’  t  '•ate  of  acid  extrusion  is  reduced  80%  in 
the  presence  of  amiloride  (100 /nM)  or  in  Na*-free  Hanks’ 
solution,  presumably  due  to  inhibition  of  Na^-H"*  ex¬ 
change.  In  heated-treated  cells,  a  decreased  rate  of  acid¬ 
ification  of  the  medium  is  observed,  consistent  with  the 
hypothesis  that  Na'’'-H*  exchange  is  inhibited  by  heat 
treatment,  and  also  consistent  with  the  hypothesis  that 
intracellular  acidification  is  not  a  result  of  H*  uptake. 
The  rate  of  H*  efflux  recovers  by  ~50%  at  1  h  after 
heating  and  completely  recovers  at  2  h  after  heating.  The 
time  course  of  reco'very  is  similar  to  that  previously 
characterized  for  recovery  of  Na*-H'’  exchange  as  shown 
in  Fig.  7.  Amiloride  (100  a»M)  given  immediately  after 
heat  treatment  blocks  the  recovery  of  H'’'  efflux  (Table 
3).  Taken  together,  the  measurements  of  pH,  and  H* 
efflux  indicate  that  heat-induced  intracellular  acidifica¬ 
tion  is  not  the  result  of  uptake  of  extracellular  H*,  but 
rather  a  result  of  a  reduced  rate  of  acid  extrusion,  most 
probably  via  Na*-H*  exchange. 

Heat-induced  metabolic  inhibition.  It  is  known  that 
metabolic  inhibition  can  produce  an  intracellular  acidi¬ 
fication  (3,  10,  32)  and  a  reduction  of  intracellular  ATP 
levels  (20,  50).  A  previous  study  on  A-431  cells  (4)  has 
demonstrated  that  reducing  the  cellular  ATP  content  (to 
levels  that  were  ~8%  of  control  levels)  inhibits  Na'*-H* 
exchange  by  modulating  an  intracellular  H*-dependent 
regulatory  mechanism.  Therefore,  to  investigate  further 
the  mechanisms  underlying  the  heat-induced  acidifica¬ 
tion,  experiments  were  performed  to  determine  whether 
heat  treatment  inhibits  ATP  production  in  A-431  cells, 
resulting  in  an  inhibition  of  Na^-H"*  exchanger  activity. 


TABLE  3.  Heat  treatment  reduces  steady-state  H*  efflux 


H*  Efflux,  nmol- 10* cells*' .mm*' 

37*C 

Time  after  heat  treatment 

30  s  lb 

2h 

NMG 

Na* 

Na*  +  amiloride 

0.52+0.001 

2.27±0.13t 

0.51±C.02§ 

0.63+0.01  0.63±0.02 
0.26+0.01*  1.26±0.30t 
0.25±0.12  n.49±0.03§ 

0.41±0.04 

1.92+0.40t 

0.28±0.06§ 

Values  are  means  ±  SE  (n  =  3-5  experiments).  Cells  were  exposed 
to  45*C  for  10  min  and  then  returned  to  37'C  to  determine  ext-'rnal 
pH  in  the  medium  lightly  buffered  with  0.5  mM  HEPES.  yV-methvl- 
(+)-glucamine  (NMG)  replaced  Na*  in  Na*-free  buffer.  *  P  <  0.05  vs. 
Na*  at  37*C  and  1  and  2  h  postheating,  t  P  <  0.05  vs.  Na*  buffer  at 
37*C  and  30  s  postheating,  t  P  <  0.05  vs.  NMG  at  37*C  and  Na*  buffer 
30  s  postheating.  §  P  <  0.05  vs.  Na*  buffer. 
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Heat  treatment  (45‘’C  for  10  min)  reduces  cellular  ATP 
content,  with  longer  exposures  leading  to  further  de¬ 
creases  in  ATP  levels  (Fig.  9A).  When  heat-treated  cells 
are  returned  to  37"C  in  Hanks’  solution  (containing  no 
nutrients),  ATP  levels  continue  to  fall,  reaching  a  mini¬ 
mum  20  min  after  heating.  The  ATP  content  then  re¬ 
turns  slowly  to  control  levels  (that  also  decreased)  90 
min  after  heat  treatment  (Fig.  9B).  At  120  min  the  ATP 
content  in  both  control  and  heat-treated  cells  is  reduced 
by  46  ±  i  and  47  ±  2%,  respectively.  Nevertheless,  as 
shown  in  Fig.  7A,  and  Table  3,  the  rate  of  recovery  from 
acidification  of  cells  and  H*  efflux  2  h  after  beat  treat¬ 
ment  is  normal,  and  the  resting  pH,  of  both  unheated 
and  heat-treated  cells  is  similar  to  control  cells  at  the 
beginning  of  the  experiment.  These  findings  indicate  that 
Na'^-H*  exchange  in  A-431  cells  is  unaffected  by  a  re¬ 
duction  of  >50%  in  intracellular  ATP  content. 

The  effect  of  heat  on  anaerobic  glycolysis  was  studied 
by  measuring  lactic  acid  production.  Lactic  acid  is  re¬ 
duced  by  25  ±  5  and  42  ±  9%  in  cells  exposed  to  45'’C 
for  either  10  or  30  min,  respectively  (Fig.  lOA).  Thirty 
minutes  after  treatment  (45‘’C,  10  min)  the  lactic  acid 
content  is  still  lower  than  controls  but  returns  to  normal 
levels  1  h  after  heat  treatment  (Fig.  lOB). 

Effect  of  metabolic  inhibitors  on  heat-induced  acidifi¬ 
cation.  Because  only  50%  of  the  heat-induced  acidifica¬ 
tion  can  be  ascribed  to  inhibition  of  Na'’'-H‘’'  exchange. 
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FIG.  9.  Effects  of  heat  treatment  on  ATP  content.  A;  heat  reduces 
cellular  ATP  content.  Cells  were  heated  at  45'C  for  10  s  or  5, 10, 20  or 
30  min  (n  =  4).  Dau  are  expressed  as  percentage  of  control  cell  ATP 
content  at  the  start  of  experiment  (4.160  ±  0.003  nmol/10*  cells).  *P< 
0.05  vs.  37'C.  B:  recovery  of  cellular  ATP  content  at  various  times 
after  heating  at  45‘C  for  10  min  (n  =  3-4).  Values  are  expressed  as 
percentage  of  control  cell  ATP  content  at  the  start  of  experiment.  *  P 
0.05  vs.  37’C,  2-way  ANOVA  and  Bonferroni’s  inequality  test.  •, 
Heated  cells;  o.  unheated  cells. 
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FIG.  10.  Role  of  metabolism  in  heat-mduced  acidification.  .4  heat 
reduces  lactic  acid  content.  Cells  were  heated  at  45  C  for  10  or  !0  nun 
(;i  =  4-9).  ‘P  <  0.05  vs.  37*C.  1-way  ANOVA  and  Bonfcrroni's 
inequality  test,  "P  <  0.05  vs.  37*(3  for  10  mm  and  45‘C  for  10  min.  B. 
recovery  of  lactic  acid  content  at  various  times  after  heating  at  45"C 
for  10  min  (n  =  4-9).  *  P  <  0.05  vs.  0  min  postheat.  2-way  ANOVA 
and  Bonferroni's  inequality  test.  •,  Heated  cells,  c.  unheated  cells 
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FIG.  11.  Effects  of  2-deoxy-D-glucose  or  sodium  azide,  given  before 
or  after  heat  treatment,  on  heat-induced  intracellular  acidification.  A: 
fluorometer  tracings  of  cells  treated  with  heat  after  administration  of 
2-<’eoxy-D-glucose  (10  roM)  or  sodium  azide  (10  mM).  B:  fluorometer 
tracings  of  cells  exposed  to  2-deoxy-D-glucose  ( 10  mM)  or  sodium  azide 
(10  mM)  after  heat  treatment. 

and  because  metabolic  activity  is  reduced  by  heat  treat¬ 
ment,  we  tested  the  hypothesis  that  the  remain!  r-.-:  inhi¬ 
bition  could  be  due  to  metabolic  inhibition.  We  e:.  -lined 
the  effects  of  2-DG  (10  mM),  a  glucose  antagon;-::  that 
inhibits  glycolysis,  and  sodium  azide  (10  mM),  an  inhib¬ 
itor  of  oxidative  phosphorylation,  on  pHi.  Both  agents 
induce  an  intracellular  acidification  that  is  maintained 
for  10  min.  The  maucimal  acidification  induced  by  2-DG 
(7.046  ±  0.020,  ra  =  3)  occurs  within  5  min,  while  the 
maximal  acidification  induced  by  sodium  azide  (7.080  ± 
0.037,  n  =  4)  is  immediate  (Fig.  IIA).  Addition  of  either 
inhibitor  to  cells  5  min  before  heat  treatment  reduces 
the  magnitude  of  intracellular  acidification  (controls: 
0.200  ±  0.036  units;  with  2-DG:  0.094  ±  0.029  unit;  with 
sodium  azide:  0.06  ±  0.044  unit,  n  —  3-24;  P  <  0.05).  In 
contrast,  when  cells  are  heated  before  ad^tion  of  2-DG 
no  further  acidification  is  noted  (Fig.  IIB).  Addition  of 
sodium  azide  further  acidifies  heat-treated  cells  only 
slightly.  The  results  support  the  view  that  the  inhibition 
of  glycolysis  and  oxidative  phosphorylation  contributes 
to  heat-induced  acidification. 
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In  these  studies  the  cellular  ATP  content  of  cells 
treated  with  2-DG  or  sodium  azide  in  Na'^  Hanks’  solu¬ 
tion  for  5  min  are  72  ±  2%  {n  =  6)  and  37  ±  10%  (n  = 
6)  of  controls,  respectively  (controls:  3.94  ±  0.074  nmol/ 
10"  cells,  n  =  6).  To  determine  whether  metabolic  inhi¬ 
bition  by  2-DG  or  sodium  azide  acidifies  the  cells  by 
lowering  ATP  content,  thereby  inhibiting  Na^-H*  ex¬ 
change,  cells  were  placed  in  either  Na^-free  Hanks’  so¬ 
lution  for  5  min  or  Hanks  solution  containing  amiloride 
( 1  mM)  for  10  min  to  block  the  Na’'-H'  exchanger.  Then, 
2-DG  (10  mM)  or  sodium  azide  (10  rnM)  was  applied  to 
the  cells  for  5  min.  Under  these  conditions,  intracellular 
acidification  is  still  observed  even  though  Na‘"-H'"  ex¬ 
change  is  blocked  (in  Na*-free  Hanks’  solution,  2-DG: 
0.07  ±  0.03  units;  sodium  azide:  0.126  ±  0.07  units,  n  = 
4;  in  amiloride  Hanks’  solution,  2-DG:  0.09  ±  0.05  units; 
sodium  azide:  0.14  ±  0.03  units,  n  =  4). 

'I'he  possibility  that  the  heat-induced  acidification  is 
due  to  the  inhibition  of  both  Na'^-H’  exchange  and 
metabolism  was  tested  by  treating  cells  with  both  amil¬ 
oride  and  2-DG  for  5  min,  and  then  exposing  these  cells 
to  45°C  for  10  min.  Treatment  with  both  amiloride  (100 
fiM)  and  2-DG  (10  mM)  induces  a  maximal  acidification 
(7.05  ±  0.02,  n  =  4)  within  5  min  that  is  maintained 
during  the  next  10  min.  Figure  12  shows  that  heat  does 
not  induce  further  acidification  in  cells  treated  with  both 
amiloride  and  2-DG  (7.00  ±  0.02,  n  =  5;  P  >  0.05). 

DISCUSSION 

This  study  demonstrates  that  hyperthermia  produces 
an  intracellular  acidification  (~0.2  pH  units)  in  human 
epidermoid  carcinoma  A-431  cells  that  is  temperature 
and  time  dependent.  Acidification  is  not  related  to  cell 
death,  because  cells  that  are  heated  at  45°C  for  10  min 
remain  viable,  have  the  same  plating  efficiency  as  un¬ 
heated  cells,  and  recover  their  pHi  to  normal  levels  1  h 
after  heat  treatment.  Similar  levels  of  heat-induced  acid¬ 
ification  have  been  noted  in  nonepithelial  cells.  For 
example,  mouse  mastocytoma  cells  acidify  by  0.35  pH 
units  following  heat  treatment  for  30  min  at  43'’C  (48), 
and  mouse  soleus  muscle  acidifies  by  0.16  pH  units  when 
heated  from  28  to  37°C  (1).  Likewise,  Drosophila  salivary 
gland  cells  acidify  by  0.47  pH  units  when  heated  from  25 
to  35°  C  (9),  and  yeast  cells  acidify  by  0.65  pH  units  when 
heated  from  23  to  40°C  (46). 

To  investigate  the  mechanisms  underlying  the  heat- 
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FIG.  12.  Effects  of  2-deoxy-D-glucose  and  amiloride,  added  before 
heat  treatment,  on  heat-induced  intracellular  acidification.  Fluorome- 
ter  tracing  of  cells  treated  with  2-deoxy-D-glucose  (10  mM)  and  amil¬ 
oride  (100  ;i.M)  together  5  min  before  heat  treatment  at  45’C  for  10 
min. 


induced  acidification,  we  examined  the  properties  of  the 
Na‘"-H'"  exchanger  in  control  and  thermally  injured  A- 
431  cells.  Our  findings  in  unheated  A-431  cells  in  sus¬ 
pension  are  similar  to  those  of  Rothenberg  et  al.  (37,  38), 
who  previously  characterized  Na'"-H'"  exchange  in  ad¬ 
herent  A-431  cells.  In  agreement  with  our  results,  they 
reported  a  resting  pH,  of  7.3  ±  0.1  at  37°C  (pHo  7.2)  that 
declines  in  the  presence  of  amiloride,  indicating  that  the 
Na^-H*  exchanger  is  necessary  to  maintain  resting  pH,. 

A  similar  role  for  the  Na‘"-H‘"  exchanger  has  been  re¬ 
ported  in  principal  and  intercalated  cells  of  rabbit  corti¬ 
cal  collecting  tubule  (45).  Also  in  agreement  with  our 
icsults,  Rothenberg  et  al.  (37, 38)  found  that  a  significant 
fraction  (at  least  50%)  of  the  recovery  from  acidification 
under  nominally  bicarbonate-free  conditions  is  mediated 
by  Na°‘-H'"  exchange.  The  amiloride  sensitivity  of  Na*- 
H""  exchange  (11  ±  3  /iM)  in  our  studies  is  similar  to  the 
4  found  by  Zhuang  et  al.  (49). 

The  rate  of  recovery  from  acid  loading,  probably  me¬ 
diated  by  Na^-H’’  exchange,  is  markedly  inhibited  in 
heat-treated  cells  over  a  wide  range  of  pHi  values.  In 
cells  heat  treated  at  45°C  for  10  min  and  returned  to 
37°C  for  1  h,  the  Un,,,  is  ~40%  slower  than  that  of 
unheated  cells.  The  apparent  Km  for  [Na""],,  is  unchanged. 
Similar  results  have  been  reported  in  a  preliminary  study 
of  EM  T6  cells  treated  with  heat  at  45°C  for  30  min  (27). 
There  are  only  a  few  reports  of  stimulus- induced  inhi¬ 
bition  of  Na'^-H*  exchange  in  other  systems  to  be  com¬ 
pared  with  our  findings.  Parathyroid  hormone  (PTH) 
inhibits  Na'"-H'"  exchange  in  renal  brush  border  vesicles 
(26)  and  in  cultured  kidney  (OK)  cells  (22).  Interestingly, 
in  OK  cells  the  PTH-induced  inhibition  results  in  a 
reduction  of  Vn,„,  similar  to  our  results  with  A-431  cells 
(Fig.  IB).  Inhibition  of  Na^-H*  exchanger  activity  has 
also  been  induced  in  rat  osteosarcoma  cells  by  osmotic 
swelling  (16).  Other  factors  that  can  alter  the  activity  of 
the  Na^-H*  exchanger  include  growth  factors  and  os¬ 
motic  shrinkage,  but  these  treatments  result  in  stimula¬ 
tion  of  the  Na'"-H'"  exchanger  (17, 18). 

Three  observations  support  the  view  that  the  acidifi¬ 
cation  produced  by  thermal  injury  is  due  in  part  to  an 
inhibition  of  Na'"-H‘"  exchange.  First,  the  rate  of  recovery 
from  acidification,  which  is  mediated  primarily  by  Na""- 
H^"  exchange,  is  inhibited  by  heat  treatment.  This  inhi¬ 
bition  is  not  due  to  a  reduction  in  the  gradient  of  Na*  or 
changes  in  buffering  capacity.  Second,  acidification  is 
reduced  in  Na^-free  solutions  or  in  the  presence  of  amil¬ 
oride.  Heat  treatment  of  control  cells  leads  to  s?  acidi¬ 
fication  of  ~0.2  pH  units,  whereas  heat  treatment  of  cells 
that  are  placed  in  Na'"-free  or  amiloride-containing  so¬ 
lution  produces  an  acidification  of  ~0.1  pH  units,  indi¬ 
cating  that  about  half  of  the  acidification  induced  by 
thermal  injury  is  due  to  an  inhibition  of  Na^-H*  ex¬ 
change.  Third,  heat-treated  cells  demonstrate  less 
steady-state  H""  efflux  than  do  unheated  cells,  and  recov¬ 
ery  of  the  H*  efflux  occurs  2  h  after  heat  treatment  and 
is  blocked  by  amiloride. 

Previous  at  .’dies  on  A-431  cells  by  Cassel  et  al.  (4) 
have  demonstrated  that  depletion  of  intracellular  ATP 
(to  <10%  of  control  levels)  inhibits  Na'"-H*  antiporter 
activity  due  to  modulation  of  an  intracellular  H^-de- 
pendent  regulatory  mechanism.  In  addition,  in  other  cell 
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types,  inhibition  of  glycolysis  is  associated  with  an  intra¬ 
cellular  acidification  13, 15).  Therefore,  we  examined  the 
possibility  that  the  heat-induced  acidification  in  A-431 
cells  was  related  to  an  inhibition  of  metabolism  by  meas¬ 
uring  the  levels  of  both  ATP  and  lactic  acid  in  unheated 
and  heat-treated  cells.  Our  data  indicate  that  exposing 
cells  to  45°C  for  10  min  inhibits  glycolysis  and  reduces 
intracellular  ATP  by  23  ±  2  and  25  ±  5%,  respectively. 
Under  our  experimental  conditions  (i.e.,  in  the  absence 
of  nutrients),  intracellular  ATP  contents  of  both  heat- 
treated  and  control  cells  continue  to  decrease  so  that  by 
120  min  after  heat  treatment  the  ATP  content  of  both 
heated  and  unheated  cells  is  36%  of  the  ATP  content  of 
unheated  cells  immediately  before  heat  treatment.  The 
pH,  for  both  groups  of  cells  at  this  time  is  identical  to 
the  pH,  of  the  unheated  cells  at  the  start  of  the  experi¬ 
ment.  Furthermore,  the  rate  of  alkalinization  after  an 
acid  load  for  both  unheated  and  heat-treated  cells  120 
min  after  the  start  of  the  experiment  (when  their  ATP 
content  was  reduced)  is  similar  to  unheated  cells  at  the 
start  of  the  experiment  (Fig.  IB).  These  data  indicate 
that  the  Na*-H*  exchanger  functions  normally  even 
though  the  ATP  content  is  reduced  by  64%.  Thus  heat- 
induced  inhibition  of  the  Na'^-H*  exchanger  is  not  sec¬ 
ondary  to  a  heat- induced  ATP  reduction.  The  differences 
between  our  data  and  that  of  Cassel  et  al.  (4)  can  be 
explained  by  the  fact  that  ATP  levels  in  our  study  are 
not  depleted  as  fully  as  in  their  study. 

To  ^rther  investigate  the  role  of  metabolism  in  heat- 
induced  acidification,  we  examined  the  effects  of  sodium 
azide  and  2-DG  on  pHi  in  unheated  and  heat-treated 
cells.  (We  also  attempted  to  study  the  effects  of  2,4- 
dinitrophenol,  an  inhibitor  of  oxidative  phosphorylation, 
but  its  inherent  flourescence  interfered  with  the  assay.) 
2-DG  substitutes  for  glucose  but  cannot  be  metabolized 
beyond  the  hexose  monophosphate  shunt.  This  reduces 
ATP  production  via  anaerobic  glycolysis  and  subse¬ 
quently  slows  aerobic  glycolysis  and  the  electron  trans¬ 
port  chain  due  to  the  low  level  of  pyruvate  in  cells  (20, 
50).  In  A-431  cells  2-DG  (10  mM)  produces  an  acidifi¬ 
cation  but  does  not  further  acidify  cells  that  have  been 
heat  treated,  supporting  the  view  that  the  acidification 
induced  by  2-DG  is  mediated  via  pathway(s)  in  common 
with  acidification  induced  by  heat.  However,  another 
explanation  of  these  results  is  possible.  2-DG  might  not 
be  able  to  acidify  cells  further  b^ause  other  buffers  (that 
are  not  heat  sensitive)  may  maintain  the  pHi  when  it  is 
<6.9.  This  possibility  is  unlikely,  since  data  on  cells  that 
have  been  acidified  in  high-K*  Hanks’  solution  or  by 
acid  loading  to  set  pHi  to  ~6.9  indicates  that  acidification 
induced  by  heat  treatment  can  occur  below  pHj  6.9. 
Sodium  azide,  an  inhibitor  of  oxidative  phosphorylation 
(29),  also  produces  an  acidification  but  more  rapidly  than 
does  2-D(3.  As  is  shown  in  Fig.  IIB,  application  of  sodium 
azide  to  heat-treated  cells  results  in  a  small  additional 
acidification  that  is  possibly  due  to  sodium  azide  acting 
as  a  weak  acid  (p/f,  =  4.7)  (3,  36). 

Several  observations  suggest  that  heat-induced  acidi¬ 
fication  in  bicarbonate-free  medium  is  caused  by  at  least 
two  different  mechanisms:  an  inhibition  of  Na'’'-H'’'  ex¬ 
change  and  metabolic  inhibition.  First,  heat-treated  cells 
are  not  acidified  further  by  the  addition  of  metabolic 


inhibitors,  but  heat  treatment  after  the  addition  of  met¬ 
abolic  inhibitors  still  produced  an  acidification  that  is 
~50%  of  that  produced  in  the  absence  of  metabolic 
inhibitors.  Second,  the  possibility  that  the  changes  in 
pHi  produced  by  2-DG  and  sodium  azide  are  due  to  an 
effect  on  Na'^-H’’  exchange  are  negated  by  the  observa¬ 
tion  that  cells  become  acidified  in  Na'^'-free  or  amiloride- 
containing  buffer  (to  inhibit  Na’^-H*  exchange)  after  the 
addition  of  metabolic  inhibitors.  Finally,  heat  treatment 
fails  to  induce  acidification  in  cells  treated  with  both 
amiloride  and  2-DG. 

To  determine  the  physiological  relevance  of  these 
changes,  we  also  investigated  the  effects  of  heat  treat¬ 
ment  on  A-431  cells  in  presence  of  bicarbonate  buffer. 
Because  stimulus-induced  pH,  changes  are  known  to  be 
attenuated  in  the  presence  of  bicarbonate  (5,  14),  we 
were  somewhat  surprised  that  a  heat-inducible  acidifi¬ 
cation  of  ~0.2  pH  units  that  can  be  inhibited  by  amiloride 
is  still  evident  in  the  presence  of  bicarbonate.  A  similar 
heat-induced  acidification  in  the  presence  of  bicarbonate 
has  been  reported  in  Drosophila  salivary  gland  cells  (9). 
Although  the  possibility  of  the  bicarbonate-related  ex¬ 
changers  being  affected  by  heat  and  contributing  indi¬ 
rectly  to  acidification  cannot  be  ruled  out,  it  seems 
unlikely  because  heat-induced  acidification  in  the  pres¬ 
ence  of  bicarbonate  is  blocked  by  amiloride.  Further 
studies  are  required  to  dissect  out  the  role  of  bicarbonate- 
dependent  transport  systems  in  pH;  regulation  of  un¬ 
heated  and  heat^  A-431  cells. 

In  summary,  this  paper  demonstrates  that  thermal 
injury  produces  an  intracellular  acidification  in  A-431 
cells  of  0.2  pH  units  under  both  nominally  bicarbonate- 
free  or  bicarbonate-buffered  solutions.  In  the  absence  of 
bicarbonate,  the  acidification  is  caused  by  at  least  two 
different  events:  inhibition  of  the  activity  of  the  Na'^'-H’' 
exchanger  and  metabolic  inhibition.  The  change  in  pH, 
following  thermal  injury  may  modulate  other  cell  func¬ 
tions  such  as  cell  growth  and  may  be  one  determinant  of 
the  sensitivity  of  tumor  cells  to  hyperthermia  (6,  24,  33). 
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Acute  lethality  syndromes  produced  by  the  accidental  expo¬ 
sure  of  humans  to  mixed  neutron  and  7  radiation  from  external 
sources  can  be  related  to  acute  lethality  from  photon  irradiation 
using  the  relative  biological  effectiveness  (RBE)  for  common 
end  points.  We  used  the  canine  as  a  model  to  study  injury  follow¬ 
ing  exposure  to  mixed  neutron  and  7  radiation  from  the  AFRR! 
TRIGA  reactor.  Exposures  from  the  reactor  were  steady-state 
mode  (40  cGy/min,  bilateral)  with  an  average  neutron  energy  of 
0.85  MeV;  tissue-air  ratio  =  0.59  at  midline  abdominal. 
Healthy  male  and  female  canines  were  irradiated  free-in-air  be¬ 
hind  a  6-in.  lead  wall;  the  neutron-7  ratio  was  5.4:1  at  the  en¬ 
trance  skin  surface;  exposures  are  reported  as  midline  tissue 
doses.  Bilateral  exposure  resulted  in  an  LDso/jo  of  1 53  cGy  with¬ 
out  therapeutic  clinical  support.  Addition  of  clinical  support 
consisting  of  fluids,  antibiotics,  and  fresh  irradiated  platelets/ 
whole  blood  increased  the  bilateral  LD50/30  to  1 85  cGy,  a  dose 
modifying  factor  (DMF)  of  1 .2 1 .  This  corresponds  to  respective 
LD50/30  values  for  bilateral  ‘“Co  7  exposures  of  260  and  338  cGy 
for  nonsupported  and  clinically  supported  animals,  and  a  DMF 
of  1.30.  The  RBE  based  on  the  values  determined  at  midline 
tissue  is  approximately  1.69.  Clinical  support  after  bilateral 
irradiation  produced  a  similar  DMF  to  those  of  mixed  fission 
neutrons  and  7  rays  and  ““Co  7  rays  alone.  The  RBE  of  1.69  for 
midline  tissue  bilateral  exposures  is  higher  than  1 .  an  RBE  often 
cited  for  large  animals.  Therapeutic  support  administered  to 
lethally  irradiated  canines  significantly  improved  survival  and 
increased  the  LDjo,]o  independent  of  radiation  quality.  «  1991 
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INTRODUCTION 

The  effectiveness  of  neutron  irradiation  in  causing  mor¬ 
tality  as  a  result  of  bone  marrow  failure  has  been  a  contro- 
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versial  point  for  the  past  2  decades.  Literature  values  for 
“neutron  effectiveness”  in  large-animal  models  such  as  the 
pig,  sheep,  goat,  monkey,  and  canine  vary  considerably,  not 
only  among  species  but  within  species. 

Survival  studies  using  neutrons  of  different  energies  show 
that  the  probability  of  survival  at  a  specific  dose  is  the  low¬ 
est  for  neutron  energies  of  approximately  1 .0  MeV  and  the 
greatest  for  energies  of  9.0  and  14.6  MeV.  For  example,  the 
LD50/30  in  the  canine  model,  as  measured  at  the  midline 
tissue,  was  2.81  Gy  for  14.6  MeV  neutrons  {/);  2.65  Gy  for 
average  9.0  MeV  neutrons  (2);  and  2.03  Gy  (3)  and  2.39  Gy 
(4)  for  fission-spectrum  neutrons  (energy  range  0.5-2. 5 
MeV).  Thus  the  fission  spectrum  neutrons  appear  to  be  the 
most  effective  in  causing  lethality. 

Mobley  el  al.  {5,  6)  concluded  that  there  was  no  signifi¬ 
cant  difference  in  the  relative  potencies  of  250-kVp  X  rays 
and  pulse  or  steady-state  fission-spectrum  mixed  neutron- 
7  radiation  for  bilaterally  or  unilaterally  exposed  sheep. 
The  respective  LDjo/so’s  were  389  R  versus  360  and  367  rad 
(midpoint  air  exposure).  The  neutron-7  ratio  was  stated  as 
5:1  measured  in  air.  Other  investigators  reported  midline- 
in-air  LDso/w’s  of  237  R  (7)  and  297  R  (8)  for  ““Co  7  rays, 
bilateral  exposure,  and  252  R  (7)  and  253  R  (9)  for  1-MVp 
X  irradiation. 

Determining  neutron  effectiveness  in  the  pig  is  especially 
difficult  due  to  the  wide  range  of  LDso/eo’s  reported  in  the 
literature  for  7  ami  X  irradiation.  Brown  and  Cragle  (/O).  in 
reviewing  swine  LD50/30  experiments,  calculated  the  mid¬ 
line  exposure  dose  to  be  191  R.  Chambers  ei  al.  (II)  deter¬ 
mined  the  LDjq/30  for  ‘“Co-7-irradiated  swine  to  be  2 1 8  R 
(midline,  bilateral  exposure).  Tullis  el  al.  (12)  reported  an 
LD50/30  of  230  R  (free-in-air)  after  exposure  to  predomi¬ 
nantly  7  radiation  from  a  nuclear  weapon  detonation.  Pre¬ 
vious  studies  by  Tullis  e/ a/.  (13, 14).  using  1000- and  2000- 
kVp  bilateral  X-ray  exposures,  reported  LD5o/3o’s  of  278 
and  321  rad  (midline-in-air),  respectively.  Other  investiga¬ 
tors  (/O,  15. 16)  reported  LDjq/jo’s  from  230  to  620  R  (mid¬ 
line  air  exposure).  Recalculated  midline  tissue  doses  ranged 
from  171  to  301  rad  (/7). 

Wise  and  Turbyfill  (18)  determined  the  LD50/30  of  the 
miniature  pig  for  pulsed,  mixed  7-neutron  radiations,  in 
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which  60%  of  the  free-in-air  dose  was  from  y  radiation  and 
40%  from  fission  neutrons,  to  be  218  R  (midline  tissue) 
with  a  mean  survival  time  of  15.1  days.  No  comparable 
data  were  presented  for  7-  or  X-radiation  exposure.  The 
range  of  LD5o/3o's  noted  in  the  literature  would  preclude 
ascribing  a  relative  potency  for  neutron  exposure  other 
than  1.0  in  swine  or  sheep. 

Ainsworth  ct  al.  (3)  and  Alpen  ei  al.  (4)  exposed  canines 
to  fission-spectrum  neutrons  and  reported  LDjoyjo's  of  2.03 
and  2.39  G>.  respectively.  In  the  1965  report  of  Ainsworth 
ei  al  (i).  the  neutron  LD50/30  was  compared  to  an  LD5r,/3o  of 
2.80  Gy  for  1000-kVpX  rays,  and  a  “potency  ratio"  of  1.38 
was  determined  for  the  effectiveness  of  the  neutron  irradia¬ 
tion.  In  contrast.  Alpen  el  al  (4)  reported  a  “relative  po¬ 
tency”  ofO.9  when  the  neutron  LD50/30  was  compared  to  an 
LD5o,3o  of  2.12  Gy  for  300-kVp  X  rays.  More  recent  litera¬ 
ture  shows  the  relative  biological  effectiveness  (RBE)  of 
neutron  irradiation  for  different  animal  models  to  be 
greater  than  that  observed  with  either  250-kVp  X  rays  or 
“Co  7  ravs.  Broerse  el  al.  (19).  using  rhesus  monkeys,  ob¬ 
tained  an  RBE  value  of  2  when  comparing  fission  neutrons 
(mean  energy  1.0  MeV)  to  300-kVp  X  rays.  Thus  contro¬ 
versy  exists:  fission  neutrons  have  been  reported  to  be  less 
effective  than  X  rays  and  as  much  as  two  times  as  effective 
as  250-kVp  X  rays  in  producing  lethality  as  a  result  of  bone 
marrow  failure. 

The  effectiveness  of  fission-neutron  irradiation  in  caus¬ 
ing  lethality  in  a  large-animal  model  was  evaluated  by  ex¬ 
posing  canines  bilaterally  to  a  neutron  field  generated  by 
the  Armed  Forces  Radiobiology  Research  Institute 
(AFRRl)  TRIGA  reactor.  Postirradiation  therapy  in¬ 
creased  both  mean  survival  time  and  survival  in  lethally 
irradiated  canines.  The  increased  survival  allowed  us  to  in¬ 
vestigate  the  effects  of  higher  levels  of  radiation  exposure, 
and  to  evaluate  the  stem  cell  number  below  which  spontane¬ 
ous  marrow  regeneration  would  not  occur. 

MATERIALS  AND  METHODS 

Animats  Healthy,  pure-bred  male  and  female  canines  (beagles.  10-12 
kg)  were  used  in  these  studies.  The  canines  were  treated  to  eliminate  para¬ 
sitic  infections;  immunized  against  distemper,  hepatitis,  and  rabies:  and 
observed  for  2  weeks  before  entenng  the  expenmenial  protocol.  They  were 
housed  in  temperature-controlled  rooms  in  individual  stainless-steel  cages 
and  were  fed  kibbled  laboratory  dog  food,  supplemented  once  a  week  with 
high-protein  canned  meat  ration.  Water  was  provided  ad  libitum. 

Hematological  values  and  hematopoietic  culture  techniques.  Penph- 
eral  blood  was  withdrawn  from  the  cephalic  vein,  and  bone  marrow  was 
aspirated  from  the  nbs  and  iliac  crest  of  anesthetized  canines  (Biotal.  Parke 
Davis.  A  ,  J.  Buck  &  Son,  Baltimore.  MD)  into  heparinized  syringes.  Periph¬ 
eral  blood  leukocvies  and  platelets  were  counted  using  a  hemocyiometer. 
Bone-marrow-derived  mononuclear  cells  (MNC)  were  harvested  using 
lymphocyte  separation  medium  (Bioneiics.  Kensington.  MD)  and  centri¬ 
fuged  at  1500  rpm  (400.?)  for  35  min.  The  MNC  layer  was  harvested  and 
counted  for  viable  nucleated  cells  in  a  hemocyiometer.  These  cell  popula¬ 
tions  were  then  assayed  for  specific  hematopoietic  progenitor  cells. 


Granulocyte-macrophage  colony-forming  cells  (GM-CFC)  were  assayed 
using  the  double-layer  agar  technique  desenbed  previously  (.'())  Bnefly. 
eSA  was  provided  by  using  pooled  plasma  from  canines  previously  in¬ 
jected  with  lipopolysacchande  {Escherichia  coli.  055  B5.  List  Biologicals, 
Campbell.  CA)  that  was  added  to  the  bottom  agar  layer  (7‘^f.  v/v )  of  tnpli- 
cate  culture  dishes.  Bone-marrow-derived  MNC  were  plated  in  the  upper 
agar  layer  in  concentrations  depending  on  previous  treatment  Colonies 
(>50  cells)  counted  after  10  days  of  culture  were  considered  to  be  denved 
from  GM-CFC. 

Cohali-bO  y  irradiation  and  mi.u’d  neiiiron-y-irradialion  parame¬ 
ters  The  canines  were  secured  in  Plexiglas  holders  for  both  ty  pes  of  expo¬ 
sure.  Bilateral  “Co  y  irradiations  were  earned  out  to  gjvc  various  midline 
tissue  doses  (MTDs)  at  a  dose  rate  of  0. 1  Gy/min  Mixed  neutron-y  irra¬ 
diation  was  achieved  in  a  gadolinium-lined  exposure  room  from  AFRRl's 
TRIGA  Mark-F  pool-type  thermal  research  reactor  operated  in  the  steady- 
state  mode.  Bilateral  exposure  was  achieved  by  a  180°  rotation  at  midtime 
of  the  exposure.  The  physical  parameters  of  the  free-m-air  exposure  were 
an  average  neutron  energy  of  1  0  MeV  and  an  average  >-ray  energy  ofO  9 
.MeV.  a  neutron-7  ratio  of  5.4.1  at  101  cm.  and  a  dose  rateof0  6Gy/'min. 
(The  neutron-7  ratio  was  achieved  by  imposing  a  1 5-cm-thick  lead  wall  in 
front  of  the  reactor  core  tank  wall  in  the  exposure  room.) 

Figures  la  and  lb  show  calculated  neutron  and  7-ray  energy  spectra 
appearing  40  cm  beyond  the  lead  shield  (70  cm  from  the  tank  wall),  both 
frce-in-air  and  at  midline  111  a  18.0-cm  diameter  cylindrical  tissue-equiva¬ 
lent  (TE)  phantom.  The  spectra  show  that  neutrons  with  energy  between 
0.5  and  4  0  MeV  account  for  over  70%  of  the  neutron  kerma  both  free-in- 
air  and  within  the  phantom,  while  both  7-ray  spectra  are  dominated  by  the 
2.2-MeV  peak  ansing  from  thermal  neutron  capture  by  hydrogen  These 
data  indicate  that  the  incident  neutron  spectrum  is  not  significantly  altered 
in  passing  through  the  phantom.  There  is  significant  alteration,  however,  if 
the  entire  range  of  neutron  energies  is  considered  (0. 1  - 1 5  MeV)  instead  of 
only  0. 1  - 1 0  MeV.  High  neutron-7  kerma  ratios  were  obtained  only  within 
the  first  2  m  beyond  the  tank  wall,  and  all  experiments  were  restneted  to 
this  region.  All  irradiations  in  the  present  study  were  conducted  with  phan¬ 
tom  midlines  aligned  at  10 1  cm  from  the  tank  wall. 

Canine  phantoms  Two  canine  phantoms  were  used  for  dosimetry 
measurements.  Both  phantoms  contained  a  canine  skeleton,  simulated 
lung  tissue,  and  a  contoured  body  mass  composed  of  plastic  Dimensions 
of  each  phantom  are  listed  in  Table  1. 

The  AFRRl  canine  phantom  was  comprised  of  32  transverse  sections, 
each  2.54  cm  thick,  held  together  by  a  removable  plastic  rod.  In  each 
section  a  rectangular  array  of  5-mm-diameter  wax-filled  holes  allowed  (Xi- 
sitioning  activation  foil  wires  at  vanous  depths  Most  of  the  activation  foil 
measurements  were  made  in  sections  5  (midhead),  20  (midthorax),  and  27 
(midabdomen)  Larger  holes  for  ionization  chambers  were  dnlled  veni- 
cally  into  the  midline  of  sections  6  (head).  18  and  22  (thorax),  and  26 
(abdomen),  and  at  1-cm  depths  from  right  and  left  sides  in  section  22.  The 
midline  of  section  20  was  treated  as  the  centerline  for  irradiation  align¬ 
ment. 

The  TNO’  canine  phantom  was  of  solid  plastic  and  was  dnlled  with 
9-m  m-diameter  holes  into  certain  cntical  organs  for  activation  foil  dosime¬ 
try.  An  acrylic  plug  was  cut  to  fill  each  of  these  holes,  and  to  hold  a  6-mm- 
long  activation  foil  wire  Two  holes,  near  midthorax  and  in  midabdomen, 
were  dnlled  laterally  through  the  TNO  canine  phantom  to  allow  depth- 
dose  measurements  with  both  activation  foils  and  ionization  chambers. 

A  key  difference  between  the  AFRRl  and  TNO  canine  phantoms  was  in 
the  leg  onentation.  The  AFRRl  phantom  legs  were  in  a  normal  standing 
position,  just  as  for  expenmental  animals  irradiated  laterally  from  left  or 
nght  sides.  The  TNO  phantom  legs  were  extended  at  right  angles  to  the 
body,  as  if  in  a  supine  position  for  dorsal-ventral  irradiation.  Conse- 
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FIG.  1 .  Neutron  (a)  and  ■>  (b)  kerma  spectra.  Each  spectrum  was  nor¬ 
malized  to  unit  area.  Free-in-air  ( — ):  midline  in  l7.8-cm  diameter  cylin- 
dncal  tissue-equivalent  phantom  (--•).  All  spectra  at  70  cm  from  reactor 
pool  tank  wall. 


quently.  use  of  the  TNO  phantom  in  the  present  lateral  irradiation  geome¬ 
try  was  expected  to  yield  artificially  high  attenuation,  or  low  doses,  in  the 
shoulder  and  pelvis  regions. 

Gamma-rav  dosimetry  The  y-ray  component  of  dose  at  any  point  m 
an  irradiated  phantom  arises  from  (a)  incident  y  rays,  due  largely  to  room- 
return  and  scatter,  and  (b)  thermal  neutron  capture  y  rays  arising  within 
the  phantom  or  restraining  box.  The  rather  ubiquitous  omnidirectional 
nature  of  both  y-ray  sources  leads  to  the  expectation  of  a  relatively  uni¬ 
form  deposition  of  y-ray  dose  throughout  the  phantom.  The  present  y-ray 
dose  measurements  show  a  20-30%  change  in  the  y;ray  dose  from  en¬ 
trance  to  exit  in  thorax  and  abdomen  regions  of  the  AFRRl  and  TNO 
canine  phantoms,  and  less  than  15%  change  from  head  to  pelvis  along  the 
midline.  These  data  suggest  that  the  ratio  of  maximum-to-minimum  y-ray 
dose  at  any  point  in  a  unilaterally  irradiated  canine  is  about  1.4.  and  in  a 
bilaterally  irradiated  phantom  about  1.2. 

L  'nilaieral  rteutron  depth-dose  ciirees  Figure  2a  shows  results  of  neu¬ 
tron  depth-dose  measurements  laterally  across  thorax  and  abdomen  re¬ 
gions  of  unilaterally  irradiated  AFRRl  and  TNO  phantoms.  Data  from 
activation  foils  and  from  ionization  chamber  measurements  were  in  rea¬ 
sonably  good  agreement  and  were  characterized  by  simple  exponential 
attenuation  curves. 


Near  the  exit  surfaces  of  abdomen  regions  in  the  canine  phantoms  the 
neutron  depth-dose  curves  reached  a  minimum  or  plateau  level.  This  phe¬ 
nomenon  was  asenbed  to  reflected  neutrons  incident  from  the  back  side  of 
the  phantom  or  cadavers. 

Ionization  chamber  neutron  measurements  near  the  surface  of  the  TNO 
phantom  gave  approximately  30%  higher  readings  than  did  the  activation 
foils.  The  reason  for  this  dispanty  was  unclear,  particularly  in  light  of  the 
good  correlation  between  ionization  and  activation  techniques  observed  at 
midhne  and  exit  locations  in  the  TNO  phantom  and  at  alt  locations  in  the 
AFRRl  phantom.  It  is  possible  that  the  30%  increase  was  due  to  the  lower 
energy  of  the  backscatter  neutrons  that  were  detected  by  ionization 
chambers  but  not  by  threshold  detectors  (sulfur  threshold  is  approximately 
2  MeV). 

Bilateral  neutron  depth-dose  curves  The  TNO  canine  phantom  was 
irradiated  bilaterally,  with  activation  foils  in  place  to  sum  doses  received 
from  the  two  irradiations.  Figure  2b  displays  results  of  this  expenment. 
The  depth-dose  curves  were  symmetrical  aboui  anatomical  midhne.  with 
the  lowest  doses  occurring  at  midline.  The  20-35%  higher  doses  measured 
in  the  thorax  region  compared  to  the  abdomen  region  were  consistent  with 
the  reduced  attenuation  of  the  thorax  found  in  unilateral  laadiations  ( Fig. 
2a).  The  ratios  of  maximum-to-minimum  doses  for  bilateral  irradiations 
were  found  to  be  I.3  and  I  8  in  the  thorax  and  abdomen  regions,  respec¬ 
tively.  The  corresponding  surface  dose  ratios  (within  3  cm  thickness)  may 
be  higher  by  factors  of  I.IS  (thorax)  and  1.40  (abdomen),  respectively 

Midhne  tissue  dosimetry  In  large-animal  radiobiology  experiments 
the  dosimetry  point  of  reference  is  traditionally  taken  to  be  the  animal 
midhne.  Doses  are  measured  at  that  point  either  free-in-air  (i.e.  same 
location  but  in  the  absence  of  the  animal)  or  at  depth  (midhne  tissue). 
Free-in-air  doses  and  MTDs  in  the  AFRRl  and  TNO  phantoms  are  given 
in  Table  II.  Previously  unpublished  results  for  a  series  of  canine  cadaver 
measurements  are  also  listed.  The  canine  phantom  midabdomen  and 
thorax  doses  ranged  from  43  to  69%  of  the  frce-in-air  neutron  dose  and 
were  consistent  with  anatomical  thicknesses,  considenng  the  decreased 
physical  density  of  lung  tissue  in  the  thorax  regions  The  lower  neutron 
dose  in  the  head  of  the  AFRRl  phantom  was  due  to  the  greater  slant 
distance  from  the  reactor.  The  y-ray  dose  measurements  show  n  in  Table  II 


TABLE  I 

Canine  Phantom  Dimension 


Dimension 

TNO  phantom 

AFRRl  phantom 

Weight  (kg) 

II  I 

10,2 

Length  (cm) 

Nose  to  butt 

68.0 

73  0 

Shoulder  to  shoulder 

40.0 

37.0 

Lateral  width  (cm) 

Skull 

10  6 

1 1  0 

Neck 

8.5 

80 

Front  shoulder 

12.0 

Midthorax 

13.0 

14.2 

Last  nb 

14.7 

150 

Abdomen 

140 

12.1 

Hind  shoulder 

— 

12.0 

Dorsal-ventral  height  (cm) 

Skull 

9.5 

II.O 

Neck 

9.2 

105 

Front  shoulder 

11.9 

18.0 

Midthorax 

17.4 

16.0 

Last  rib 

14.3 

15.5 

Abdomen 

124 

150 

Hind  shoulder 

11.3 

14.0 
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Distance  from  Miditne  (cm) 

FIG.  2.  (a)  Deplh-dose  dosimetry  for  the  abdomen  and  the  thorax 
companng  AFRRI  (left)  and  TNO  (nght)  phantoms  to  unilateral  exposure 
to  fission  neutrons  from  AFRRI’s  TRIGA  reactor,  (b)  Companson  of  the 
neutron  dose  ratc(rad/kw-min)  at  depth  in  abdomen  and  thorax  for  bilat¬ 
eral  exposures  to  fission  neutrons  from  AFRRI's  TRIGA  reactor.  Gamma- 
ray  dose  rate  also  is  shown,  which  is  relatively  unchanged  with  depth. 


TABLE  II 

Midline  Tissue  Dosimetry 


Percentage  of  frce-in-air  dose 
at  midline 


Region  of  phaniom/cadaver 

Neutron 

y 

Total 

.AFRRI  phantom" 

Head  (1 1.0  cm)* 

34 

131 

49 

Thorax  (14.2  cm) 

59 

149 

73 

.Abdomen  (12.1  cm) 

49 

141 

63 

1  .NO  phantom" 

Thorax  (13  0  cm) 

69 

127 

78 

Abdomen  (14.0  cm) 

43 

139 

58 

Canine  cadavers* 

Average  ( 1 3.8  cm) 

34 

210 

52 

Range  (12-16  cm) 

20-47 

170-230 

38-60 

“  Phantom  placed  101  cm  from  tank  wall.  I  rec-in-air  doses  at  midline 
were  3.06  rad/kw-min  for  neutron  irradiation  and  0.57  rad/kw-min  for  y 
irradiation  (total  3.63  rad/kw-min).  Percent  =  100  for  y  and  neutron  irra¬ 
diations. 

*  Lateral  diameter  at  point  of  measurement. 

“■Cadavers  (n  =  7)  placed  70  cm  from  tank  wall.  Free-in-air  doses  at 
midline  were  6.32  rad/kw-min  for  neutron  irradiation  and  0.58  rad/kw- 
min  for  y  irradiation  (total  6.90  rad/kw-min).  Percent  =  100  for  y  and 
neutron  irradiations. 


CFC  for  both  types  of  radiation  exposure  in  the  dose  range 
of  0.25-4.00  Gy.  The  Do  values  have  been  calculated  using 
a  single-hit  multitarget  model.  The  respective  Do  and  n  val¬ 
ues  for  GM-CFC  harvested  24  h  after  exposure  are  0.67  Gy 


were  readily  inierpicied  in  terms  of  thermal  neutron  capture  in  surround- 
.ag  hydrogenous  tissue:  i.e..  larger  y-ray  doses  were  associated  with  more 
massive  anatomical  regions. 

Dose  measurements  were  performed  with  paired  0.5-cc  ion  chambers, 
specifically  an  A- 1 50  plastic  TE  chamber  with  methane-based  TE  gas  and  a 
magnesium  chamber  with  argon  gas.  Actual  animal  irradiations  were 
monitored  with  ionization  chambers  and  sulfur  activation  foils  mounted 
at  fixed  positions  in  the  exposure  room  to  provide  coaections  for  reactor 
output  vanations 

Groups  of  canines  were  exposed  to  a  range  of  MTDs  of  0.25  to  4.00  Gy 
*®Co  y  radiation  or  1 .00  to  3.25  Gy  mixed  neutron-y  radiation  for  hemato 
poieticand  lethality  studies  Numbers  of  canines  exposed  for  LDso^jo deter¬ 
minations  are  shown  in  parentheses  (Fig.  4). 

Amibiouc.  fluid  and  platelet  therapy.  Antibiotics  (ampicillin.  500  mg 
(Polycillin-.'V.  Bnstol  Labs.  Syracuse.  NY)  and  gcntamycin  sulfate.  30  mg 
(Garamycin.  Schenng  Pharmaceutical  Corp..  Kenilworth.  NJJ)  were  ad¬ 
ministered  when  the  WBC  level  fell  below  10(X)/mm’  and  continued  daily 
until  the  WBC  level  reached  1000/mm^  Fluid  support  (lactaied  Ringer’s 
solution)  was  administered  intravenously  as  dictated  by  clinical  symp¬ 
toms.  Platelets(3-5  x  lO'”).  obtained  by  plateletpheresis  of  donor  animals, 
were  irradiated  with  50.00  Gy  (“Co  source)  and  transfused  to  canines  on 
Days  12.  15.  and  18  postirradiation. 

RESULTS 

Sensitivity  of  GM-CFC  to  ^Co  y  radiation  and  neutron- 
y  radiation.  Figure  3  shows  the  survival  fractions  of  GM- 
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FIG.  3.  Radiosensitivity  of  canine  granulocyte-macrophage  colony¬ 
forming  cells  obtained  from  rib  and  pelvic  bone  marrow  aspirates  to  mixed 
fission-neutron-y  and  “Co  y  radiation.  Respective  values  for  “Co  y 
rays(A)and mixed neutron-y(A)irTadiationwere0.67  £0.3(1. 2  =  n)and 
0.36  £0.4  (1.7  =  n). 
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FIG  4.  Probit  moaalny  and  LDjo/jo's  for  canines  without  and  with 
clinical  support  (fluids,  antibiotics,  and  platelets,  see  Matcnalsand  Meth¬ 
ods)  following  bilateral  e.xposure  to  mi.xed  fission-neutron-7  radiation 
(left-hand  lines)  or  “Co  y  radiation] right-hand  lines)  Respective  LDjo,3o's 
for  mixed  fission-neutron-7  radiation  without  ( — )  and  with  (---)  clinical 
support  were  153and  185  cGv;  LD^^^'s  for“Co7  radiation  were  260  and 
338  cGs  without  ( — )  and  with  (---)  support,  respectively. 


±  0.03  Gy  (n  =  1.23  ±  0.1 1)  and  0.36  Gy  ±  0.04  Gy  (n 
=  1.74  ±  b.59)  for  ^Co  7  radiation  and  neutron-7  (5.4:1) 
radiation,  respectively.  Based  on  these  significantly  differ¬ 
ent  (P  <  0.001)  Do  values,  the  RBE  is  1.9  ±  0.2  for  in  vivo 
sensitivity  of  GM-CFC  to  “Co  7-ray  exposure,  relative  to 
neutron-7-ray  exposure. 

LD,o/so  ^'allies  following  exposure  to  mixed  neutron-y  ra¬ 
diation  and  ^°Co  7  radiation.  Figure  4  shows  the  30-day 
mortality  values  for  canines  bilaterally  exposed  to  “Co  7 
radiation  and  mixed  fission-neutron-7  radiation.  Respec¬ 
tive  LDjo/jo's  were  2.60  Gy  [2.51, 2.69]“  and  1.53  Gy  [1.31, 
1.47]  for  the  clinically  unsupported  canines  (curves  are 
plotted  by  a  probit  fitting  program).  The  RBE  based  on 
LDjo/jo’s  using  midline  tissue  doses  is  1.69  [1.49,  1.92]  (P 
<0.001).^ 

Therapeutic  support  administered  to  lethally  irradiated 
canines  significantly  improves  survival  and  increases  the 
LDjo/30  independent  of  radiation  quality.  The  resultant 
LDjo/jo’s  for  clinically  supported  canines  exposed  to  “Co  7 
radiation  or  mixed  fission-neutron-7  radiation  were  3.38 
Gy  [3.23,  3.55]  and  1.85  Gy  [1.53,  2.12],  respectively  (Fig. 
4).  This  increase  represents  respective  dose  reduction  fac¬ 
tors  (DRFs)  of  1.30  (/’<  0.001)  and  1.21  (P<0.04). 

DISCUSSION 

Accurate  determination  of  neutron  effectiveness  in  dam¬ 
aging  target  organs,  e.g.,  bone  marrow,  gastrointestinal  tis- 

*  Numbers  in  brackets  arc  95®f  confidence  intervals. 

'  P  values  following  RBEs  or  DRFs  indicate  significant  dilTcrcncc  from 
unity 


sue,  and  the  lung,  requires  the  use  of  large-animal  models 
that  more  reliably  mimic  the  dose  inhomogeneities  experi¬ 
enced  in  the  human  radiation  response.  The  uncertainty  of 
dose  estimation  to  the  target  organ  creates  additional  diffi¬ 
culty  in  reliable  determination  of  the  RBE  of  high-LET  radi¬ 
ation,  such  as  fission-spectrum  neutrons.  Variables  that  in¬ 
clude  body  size,  target  organ  location,  dose  inhomogeneity 
with  tissue  depth,  and  the  steep  dose-effect  curve  create  a 
situation  in  which  small  changes  in  organ  dose  result  in 
large  changes  in  bioeffect. 

Our  data  describing  the  canine  response  in  terms  of  lethal¬ 
ity  (LD50/30)  and  the  dose-response  curves  for  GM-CFC 
after  “Co  7  radiation  and  mixed  fission-neutron-7  radia¬ 
tion  suggest  a  significant  RBE  or  relative  potency  for  the 
fission-spectrum  neutron  radiation.  These  results,  however, 
are  based  on  MTD.  The  MTD  was  established  by  Bond  et 
al.  (21)  to  be  used  as  a  relevant  reference  dose,  because 
free-in-air,  entrance,  and  exit  doses  have  not  been  accept¬ 
able  substitutes.  It  was  their  intent  to  use  a  value  that  would 
represent  the  “dose”  received  by  an  animal.  This  value. 
MTD,  was  suggested  with  full  recognition  that,  in  irradiat¬ 
ing  an  animal  of  any  size,  particularly  a  canine,  some  degree 
of  inhomogeneity  of  dose  throughout  the  tissues  will  exist, 
no  matter  what  radiation  type  is  employed.  In  quoting  a 
single  value  for  the  dose  received  by  the  animal  it  is  neces¬ 
sary  to  settle  on  the  dose  received  at  some  fixed  location 
within  the  animal.  Bond  et  al.  (2.  27) -state  that  the  ideal 
would  be  to  measure  the  dose  received  by  a  single  critical 
organ  that  would  correlate  with  the  biological  end  point, 
such  as  the  dose  received  by  the  bone  marrow  in  the  LD50/30 
range.  Precise  and  reliable  measurements  of  doses  absorbed 
at  these  sites  are  complicated  by  their  spatial  distribution, 
by  the  dose  gradients  that  exist  near  both  lateral  and  dorsal- 
ventral  surfaces,  and  by  the  reduced  attenuation  and  vari¬ 
able  geometry  of  lung  tissue.  We  recognize  that  a  complex 
dosimetric  condition  exists  (Figs.  2a  and  b.  Table  I).  The 
exposure  of  canines  under  our  irradiation  conditions  starts 
/ith  an  entrance  5.4: 1  neutron-7  ratio,  free-in-air,  with  an 
average  neutron  energy  between  0.8  and  1 .0  MeV,  and  de¬ 
creases  to  a  1.7:1  ratio  at  midline,  with  no  significant 
change  in  the  effective  neutron  spectrum  (Fig.  1).  We  do 
not  know  the  absorbed  dose  to  the  critical  organ  (the  bone 
marrow)  or  the  resultant  change  in  neutron-7  ratio  within 
the  target  tissue.  This  would  create  dose  inhomogeneities 
within  the  target  organ.  Variation  of  midabdomen  dose 
with  size  of  canine  has  not  routinely  been  considered  in 
previous  works.  A  recent  limited  survey  of  experimental 
canines  at  AFRRl  revealed  lateral  diameters  at  the  last  rib 
ranging  from  14  to  16.5  cm;  for  this  thickness  range  the 
midabdomen  dose  can  vary  by  ±  1 0%  for  equivalent  free-in- 
air  neutron  doses.  Our  strict  weight  range  of  10- 1 2  kg  helps 
to  minimize  this  variable.  A  review  of  the  literature  indi¬ 
cates  that  a  large  variation  in  size  of  the  experimental  ca¬ 
nines,  including  weight  and  body  dimensions  (mongrel 
compared  to  beagle),  may  account  for  a  significant  varia- 
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tion  in  depth  dose.  These  size  vanables  are  ‘'unher  under¬ 
scored  when  considering  animal  models  such  as  swine  and 
sheep. 

A  significant  amount  of  literature  establishes  the  LDjo/jo 
for  hematopoietic  death  of  the  canine  at  approximately  2.6 
Gy  for  “Co  7  irradiation  (22-25)  and  X  irradiation  of  the 
energies  1000  and  2000  kVp(/.  3,  26-28)  and  an  average  of 
2.28  Gy  fore.xposure  to  lower-energy  (50-250  kVp)  X  irra¬ 
diation  (2J.  29-33).  These  published  data  indicated  a  negli¬ 
gible  RBE  between  the  “Co  7  rays  and  high-energy  X  rays 
but  did  estimate  a  small  but  significant  RBE  of  0.87  for 
these  higher-energy  radiations  compared  to  the  standard 
200-250  kVp  X  irradiation.  This  value  is  similar  to  the 
RBE  reported  by  Sinclair  (34)  for  LDjo^jo’s  mouse, 
relative  to  7  and  X  irradiation. 

Exposure  of  the  canine  to  the  AFRRI TRIGA  mixed  fis- 
sion-neutron-7-ray  (5.4:1)  source  resulted  in  an  LDjo/joOf 
1.53  Gy  MTD.  This  value  is  lower  than  LD50/30  MTDs  for 
fission  neutrons  of  the  comparable  1  MeV  energy  published 
by  Alpcn  el  a!.  (4)  and  Ainsworth  el  al.  (3)  of  239  and  203 
rad.  respectively.  Calculation  of  the  RBE  by  these  investiga¬ 
tors  resulted  in  values  of  approximately  0.90  by  Alpen  etal. 
(4).  with  reference  to  250-kVp  X  irradiation,  and  1.38  by 
Ainsworth  et  al.  (3).  with  reference  to  1-MVp  X  irradiation. 
Our  observed  RBE  relative  to  the  standard  250-kVp  X-ray 
exposure  would  be  approximately  1,54  based  on  the  re¬ 
ported  average  MTD  LD50/30  of  228  rad,  an  RBE  signifi¬ 
cantly  higher  than  that  reported  previously  for  the  canine. 
The  composite  literature  value  for  LDjo/30  after  bilateral 
“Co  7-ray  exposure  is  approximately  2.68  Gy,  very  close  to 
the  2.60  Gy  reported  here.  The  calculated  RBE  using  the 
data  for  “Co  rays  as  the  reference  LD50/30  is  1 .8. 

Pitchford  and  Thorp  (35)  reported  on  the  neutron  effec¬ 
tiveness  of  a  0.7;  1  mixed  neutron-7-ray  exposure  from  the 
.'\FRRI  TRIGA  reactor  operated  at  a  steady-state  dose  rate 
of  14  rad/m  in.  The  LDjo/30  for  mixed  neutron-7-ray  (0.7:1) 
exposure  was  2 1 8  rad  (midline  tissue)  compared  to  206  rad 
for  250-kVp  X  irradiation.  The  lower  neutron  component 
resulted  in  an  equivalent  bioeffect,  relative  to  250-kVp  X 
radiation.  Compared  to  the  “Co  7  radiation  LD50/30  of  2.6 
Gy,  the  RBE  for  neutron  irradiation  would  approach  a 
value  of  1.2. 

Broerse  et  al.  (19)  reported  an  RBE  similar  to  ours  for 
fission  neutrons  relative  to  1-MVp  X  irradiation  in  the  pri¬ 
mate  system.  They  recorded  a  total  absorbed  dose  of  2.60 
Gy  for  an  LDso/30  from  1-MeV  fission  neutrons  relative  to 
5.25  Gy  for  300-kVp  X  rays.  Thus  the  RBE  is  approxi¬ 
mately  2.0  for  occurrence  of  bone  marrow  lethality  in  the 
rhesus  monkey.  Stanley  ei  al.  (36)  and  Wise  and  Turbyfill 
(37)  also  observed  a  significant  RBE  in  the  rhesus  monkey 
for  an  LD50/30  end  point,  using  a  neutron-7-ray  exposure 
compared  to  250-kVp  X  irradiation.  Respective  MTD  val¬ 
ues  for  X  rays  and  neutron-7  (<I:1)  irradiation  were  502 
and  375  rad. 


The  RBE  based  on  MTD  as  observed  in  our  lethality 
experiments  should  also  be  reflected  in  the  radiation  sensi¬ 
tivity  of  marrow  progenitor  cells,  since  it  is  the  destruction 
of  these  cells  that  causes  the  mortality  observed  during  the 
subsequent  30-day  period  known  as  the  hematopoietic  syn¬ 
drome.  The  calculated  RBE  for  the  clonogenic  marrow  pro¬ 
genitor  GM-CFC  using  Dq  values  was  1 .8. 

An  RBE  of  approximately  1.8  for  low-energy  monoener- 
getic  or  fission  neutrons  has  also  been  reported  for  murine 
and  human  marrow-derived  stem  and  progenitor  cells  (38, 
39).  Boyum  el  al.  (39)  using  the  in  vivo  diffusion  chamber 
technique  for  growth  of  human  manow  as  well  as  the  GM- 
CFC  technique  showed  RBE  values  of  greater  than  2.0 
compared  to  250-kVp  X  irradiation  for  neutron  energies 
over  the  range  of  0.44-6.0  MeV.  The  extensive  studies  of 
Ainsworth  et  al.  (40)  using  the  Do  value  of  murine  stem  cells 
as  an  end  point  and  its  correlation  with  LD5o/3o’s  showed  a 
consistent  RBE  or  relative  potency  of  greater  than  2.0.  Car- 
sten  et  al.  (38)  used  neutron  exposures  over  the  same  energy 
range  as  Boyum  et  al.  (39)  with  the  Dq  values  of  murine 
stem  cells  as  an  end  point.  They  also  recorded  significant 
RBE  values  of  greater  than  2.0.  These  laboratories  recorded 
Do  values  for  exposure  to  250-kVp  X  irradiation  of  approxi¬ 
mately  80-87  rad  compared  to  Do  values  of  28-42  rad  fol¬ 
lowing  exposure  to  fission-spectrum  neutrons  or  to  neu¬ 
trons  less  than  5  MeV. 

Modification  of  survival  throughout  the  LD50/30  dose 
range  can  be  achieved  using  a  straightforward  clinical  sup¬ 
port  regimen  designed  to  replace  or  substitute  for  those 
functional  cells  depleted  as  a  consequence  of  stem  cell  apla¬ 
sia.  Lethality  due  to  sepsis  and/or  hemorrhage  is  not  only  a 
consequence  of  the  loss  of  functional  white  cells  and  plate¬ 
lets  but  a  failure  of  their  replacement  from  a  severely  de¬ 
pleted  stem  and  progenitor  cell  population.  Studies  per¬ 
formed  over  20  years  ago  showed  the  efficacy  of  good  sup¬ 
portive  care  centered  on  systemic  antibiotics  and  fresh 
platelet  transfusions  (41-45).  Several  studies,  in  canines, 
indicated  that  antibiotics  singly  or  in  combination  were 
somewhat  effective  in  reducing  mortality  in  the  LD50/30 
range  (43-45).  Sorensen  et  al.  (44)  reported  on  the  effective¬ 
ness  of  several  antibiotics  in  conjunction  with  fresh  whole 
blood  transfusion  and  parenteral  fluids  to  control  dehydra¬ 
tion  in  reducing  lethality  from  an  LD90  (400  rad.  air  dose  at 
skin  surface)  to  an  LDjq.  Perman  et  al.  (45)  extended  this 
study  over  a  dose  range  from  400  to  550  rad.  well  into  the 
LDioo,  and  achieved  a  significant  increase  in  survival  with 
the  good  clinical  support  provided.  The  Sorensen  (44)  regi¬ 
men  consisted  of  (a)  several  antibiotics  (penicillin  G,  di¬ 
hydrostreptomycin.  tetracycline),  (b)  fresh  platelet-rich 
plasma,  and  (c)  fluid  therapy  (isotonic  saline  or  5%  dex¬ 
trose)  given  during  the  period  of  inappetence.  Soft  dog  food 
was  usually  given  during  this  period  to  entice  the  dogs  to 
eat.  Success  with  these  regimens  supports  the  concept  that 
infection  and  hemorrhage  are  the  two  primary  factors  in  the 
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lethal  consequences  of  radiation  exposure  in  the  hematopoi¬ 
etic  syndrome. 

Our  data  extended  these  studies  over  a  complete  dose 
range  capable  of  determining  the  shift  in  LDso/jo  due  to 
treatment.  The  treatment  regimen  was  essentially  the  same 
as  Sorensen's,  with  the  exception  of  new  antibiotics.  These 
collective  data  indicate  that  modest  intensiv/*  care  consist¬ 
ing  of  fluids,  antibiotics,  and  fresh  platelets  can  shift  the 
LDso/30  by  a  factor  of  1.3.  A  more  intensive  regimen  of 
support,  including  sterile  barriers  and  selective  intestinal 
bacterial  decontamination,  should  allow  an  even  greater 
shift  in  LD50/30.  U  must  be  emphasized  that  the  practical 
application  of  these  concepts  depends  upon  the  fact  that 
damage  to  the  stem  cell  system  is  reversible.  The  surviving 
fraction  of  hematopoietic  stem  cells  must  be  capable  of 
spontaneous  'egeneration.  including  production  of  func¬ 
tional  mature  end  cells,  within  the  clinically  manageable 
period  of  time  determined  by  the  effectiveness  of  the  sup¬ 
port  regimen. 
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FATTY  ACIDS  MODULATE  EXCITABILITY  IN 
GUINEA-PIG  HIPPOCAMPAL  SLICES 

T.  C.  Pellmar 

Physiology  Dcparlmcnt,  Armed  Forces  Radiobiology  Research  Institute 
Bethesda,  MD  20889-5145,  U.S.A 

Abstract— A  variety  of  fatty  acids  produced  sustained  changes  in  excitability  in  the  guinea-pig  hippocam¬ 
pal  slice  Although  each  fatty  acid  was  unique,  a  general  pattern  was  evident.  During  a  30-min  exposure, 
the  synaptic  potential  was  minimally  affected,  although  population  spike  amplitude  showed  significant 
increases.  With  wash,  synaptic  efiicacy  increased.  The  increase  in  the  synaptic  potential  was  significant 
with  arachidonic  acid  (100 /iM),  oleic  acid  (100 /iM),  myristic  acid  (250/rM)  and  capric  acid  (250 /iM) 
Also  with  wash,  the  coupling  between  the  synaptic  potential  and  the  population  spike  was  reduced 
significantly  for  most  of  the  fatty  acids  tested-  arachidonic  acid  (50 /iM,  100 /iM),  linolcic  acid  (lOO/iM) 
oleic  acid  (100 /iM).  stearic  acid  (100 /iM),  myristic  acid  (250 /iM)  and  capric  acid  (250pM.  500 /iM). 

The  fatty  acids  may  influence  neuronal  excitability,  in  part,  through  a  direct  membrane  action.  The 
observed  synaptic  enhancement  is  consistent  with  a  role  for  a  fatty  acid  in  long-term  potentiation 
In  addition  fatty  acid  exposure  mimics  the  effects  of  X-radialion.  We  suggest  that  free  radical-induced 
release  of  fatty  acids  contributes  to  electrophysiological  damage  in  a  number  of  pathological  states 


Exposure  to  free  radicals,  and  consequent  lipid  per¬ 
oxidation,  causes  the  activation  of  phospholipases 
and  the  release  of  fatty  acids  from  cellular  mem¬ 
branes. Oxidized  membrane  lipids  arc  preferen¬ 
tially.  but  not  exclusively,  removed  by  phospholipase 
A2  and  repaired  by  glutathione  peroxidase.”  In  rat 
cortical  brain  slices,  arachidonic  acid,  oleic  acid  and 
docosahexaenoic  acid  were  released  following  super- 
oxidc-inducedjipid  peroxidation*  and  phospholipase 
A2  activation.'  These  mechanisms  can  come  into  play 
during  some  pathological  conditions.  For  c.xample, 
ischemic  injury  causes  the  release  of  free  fatty 
acids,'-''^’  probably  as  a  consequence  of  free  radical 
generation.^-”  The  release  of  arachidonic  acid  is 
greater  in  field  CAI  than  in  field  CA3  of  hippo¬ 
campus  corresponding  to  the  severity  of  ischemic 
injury.-'* 

Recent  reports  have  shown  that  fatty  acids  have  a 
wide  variety  of  effects  on  membrane  currents  in 
excitable  tissue.  Among  these  actions  arc  increased 
potassium  currents*-'-’-'*-™  and  decreased  sodium  cur¬ 
rent.'*'®*'  Arachidonic  acid  and  its  lipoxygenase 
metabolites  have  been  shown  to  modulate  synaptic 
excitability.*-"  •’*-**  A  role  for  arachidonic  acid  or  oleic 
acid  as  an  essential  second  messenger  in  long-term 
potentiation  (LTP)  has  been  postulated."-''*-'*'’-** 

Free  radical  exposure  has  been  shown  to  have 
electrophysiological  co.-tscqucnccs  in  neural  tis¬ 
sue.*'  **-’''  **  The  present  experiments  wgre  initiated  to 
evaluate  the  role  of  fatty  acids  in  free  radical  damage 
in  the  guinea-pig  hippocampal  slice.  Among  the  fatty 


Ahhrevidtions:  ACSF,  artificial  cerebrospinal  fluid;  DMSO. 
dimcthylsulfoxidc;  E/S.  excitatory  postsynaptic 
potential-spike;  I/O.  input-output;  LTP.  long-term 
potentiation;  PSP.  postsynaptic  potential. 


acids  we  tested  were  arachidonic  acid  (20:4).  linolcic 
acid  (18:2)  and  oleic  acid  (18:1)  which  are  released 
by  free  radical  exposure.*  In  addition,  we  chose  a 
senes  of  saturated  fatty  acids  of  increasing  length 
(10:0,  14:0,  18:0)  and  a  series  of  18-carbon  fatty 
acids  with  increasing  unsaturation  (18:0.  18:1.  18:2). 
Preliminary  results  have  been  reported  previously  in 
abstract  form  ** 


experi.mental  procedures 

Slices  of  hippocampus  were  prepared  from  brains  of  male 
Hartley  guinea-pigs  (Harlan  Sprague  Dawicy.  Inc )  as  de¬ 
scribed  previously."  Slices  were  incubated  at  room  tem¬ 
perature  for  at  least  I  Ii,  placed  in  a  submersion  slice 
chamber  and  perfused  at  approximately  I  ml/min  with 
oxygenated  artificial  cerebrospinal  fluid  (ACSF)  at 
30  ±  I'C.  ACSF  had  the  following  composition  (in  mM). 
NaCI.  124:  KCI.  3.0;  CaCl.,  2.4;  MgSOj.  1.3;  KH.PO,.  1.24: 
glucose,  10;  and  NaHCOj.  25:  equilibrated  with  95% 
0.-5%  CO,. 

Fatty  acids  were  put  into  solution  immediately  prior  to 
perfusion  through  the  bath.  Arachidonic  acid,  oleic  acid  and 
linolcic  acid  were  received  from  the  supplier  (NuChek  or 
Sigma)  in  sealed  vials.  After  opening  the  vial,  the  full 
content  was  dissolved  in  ethanol  (99%),  separated  into 
aliquots,  and  stored  under  nitrogen  at  -70  C  for  not  more 
than  one  week.  Immediately  before  use.  the  stock  solution 
was  removed  from  the  freezer  and  diluted  in  ACSF  to  a  final 
concentration  of  0.3%  ethanol  and  50-250/tM  fatty  acid. 
Stocks  were  never  refrozen  following  thawing  for  use. 
Myristic  acid  did  not  stay  in  solution  when  diluted  from  an 
ethanol  stock:  dimcthylsulfoxidc  (DMSO;  0.3%  final  con¬ 
centration)  was  used  instead.  Stearic  acid  was  minimally 
soluble  with  cither  solvent;  solutions  were  used  with  the 
fatty  acid  in  suspension  with  ethanol.  Capric  acid  was  used 
as  the  sodium  salt  nd  directly  dissolved  in  the  oxvgcnalcd 
ACSF. 

The  actions  of  ethanol  (0.3%.  n  =  9).  DM.SO  (0.3%. 

II  =  6)  and  lime  alone  (n  =  11)  were  evaluated  on  electro- 
physiological  responses  in  hipnocampal  slices.  With  time 
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and  solvents  l!ic  synaplic  response  was  slightly  redueed  and 
e\c:.. story  postsynaplie  potential  spike  (K'S)  eoupling  (see 
below)  was  enlianeed  Althougli  these  aetions  were  small, 
they  were  st.itistieally  signifieant  Consequently,  all  data 
were  refereneed  to  the  appropriate  solvent  control. 

Perfusion  sMtli  the  fatty  acids  had  to  be  watched  care.^ully 
to  as  Old  reduced  (low  ard  eonseqiiently  decreased  bath 
leinpcr.iture  In  this  study  all  slices  were  eonstantly  moni¬ 
tored  with  .1  Ycliosv  Springs  Instruments  temperature  probe 
end  the  perfusion  rale  svas  cheeked  at  frequent  inlerv.als 
Any  slice  in  .vhieh  l.irgc  changes  occurred  ssas  deleted  from 
the  study  At  least  live  esiserimenls  were  done  with  e.ich 
fatly  acid  it  each  dose  araehidonic  acid.  50 /<M  n  =  6. 
l(M)/iM  /I  =  7,  hnolcic  acid.  l(X)/iM  «  =  5;  oleic  acid. 
100 /iM  n  ~  5.  stearic  acid,  lOOpM:  ii  =  8;  inyristic  acid. 
l(K)/iM  «=  5.250//M  «  =  6,  capric  acid.  100  ,jM' «  =  5; 
2.M)/(.VI-  II  =  (> 

A  bipolar  stainless-steel  stinnilaling  electrode  w.is  posi¬ 
tioned  in  the  stratum  radiatum  of  field  CAI  to  stimulate 
affereiil  pathways  Recording  electrodes  (2  M  NaCI)  were 
placed  in  the  sirao  ni  radiaium  and  in  the  stratum  pyraini- 
dalc  to  record  the  resultant  population  postsynaptic  poten¬ 
tial  (PSP)  and  the  population  spike,  respectively  The  field 
.'otentials  were  recorded  with  high  gam  d.c  amplifiers 
(WPI)  and  were  digitircd,  stored  and  analysed  on  a  POP 
I  l-Tl  microcomputer  Population  PSPs  were  quantitated  by 
iheir  initial  slope  to  avoid  coinphcalioiis  caused  by  the 
ic'leeted  population  spike  m  stratum  radiatum. 

Input  -nitput  (I  O)  cu'  cs  were  generated  by  constant 
current  stimulation  (0  0  5  mA.  .100  ps)  of  stratum  radiatum 
111  field  C'AI  .As  previously  described."  average  10  curves 
were  constiuetcd  for  each  experimenial  condition  by  com¬ 
puting  ihe  mean  and  standard  errors  for  the  population 
spike  amplitude,  synaptic  potential  slope  and  alTerent  volley 
amphiuJe  ai  each  siimtilus  intensity.  Three  relationships 
were  analysed  (I)  Plotting  afferent  volley  vs  the  initial  slope 
of  the  population  PSP  reflects  the  ability  of  presynapttc 
fibers  to  elicit  a  synaptic  response.  This  relationship  will  be 
referred  lo  as  synaplic  efficacy  (2)  The  relationship  between 
the  population  PSP  slope  and  population  spike  amplitude 
has  lieen  called  li  S  coupling'  and  reflects  the  ability  of  the 
synaptic  potential  to  evoke  a  population  spike  (i.e  spike 
generation)  Changes  in  K/S  coupling  arc  functionally  dis¬ 
tinct  from  changes  in  synaptic  efficacy.’”’’  A  variety  of 
mechanisms  has  been  proposed,''”’  including  altered  post¬ 
synaptic  ■’lembrane  potential,  modified  postsynaptic  mem¬ 
brane  excitability  and  altered  inhibitory  .synaptr.  input  In 
the  present  study,  changes  in  this  set  of  curves  are  descrip¬ 
tive  of  an  effect  but  do  not  attempt  lo  describe  a  mechanism. 
(1)  The  relationship  of  afferent  volley  vs  population  spike 
aniphtude  encompasses  bofh  changes  in  synaptic  efficacy 
ami  i:  S  coupling  An  increase  in  population  spike  ampli¬ 
tude  at  a  fixed  afferent  volley  size  could  result  from  cither 
a  larger  synaptic  response  or  an  increase  in  E/S  coupling. 

I  ()  curves  were  obtained  in  normal  ACSF  after  a  30-min 
equilibration  period.  Slices  were  then  exposed  to  the  fatty 
acid  solution  for  30  min  and  another  I/O  curve  obtained. 
The  tissue  was  subsequently  washed  with  normal  ACSF  for 
a  minimum  of  30  min.  I/O  were  obtained  approximately 
every  30  min  during  tins  wash  period.  I/O  curves  were 
analysed  as  previously  descri'  ed  "  Each  curve  was  com¬ 
puter-fit  with  the  equation  for  a  sigmoid  curve  and  differ¬ 
ences  between  curves  w.  .e  quantified  by  the  comparison  of 
the  ratio  (a/c)  of  two  parameters  defining  the  best-fit  curves 
(RS/I,  BBN  -Software  Product,  Cambridge,  MA)  a  is  the 
maximal  }•  value  and  c  is  the  ,v  value  at  half-maximal  y. 
Under  the  experimental  conditions  in  previous  studies'*’'*” 
a  decrease  in  u  was  usually  accompanied  by  an  increase  in 
c,  representing  a  net  decrease  in  the  relationship.  In  the 
present  study  the  relationship  between  population  PSP  and 
population  spike  showed  incicases  in  both  parameters.  In 
this  case,  the  iiarameters  were  also  evaluated  separately. 
Data  were  compared  by  Student's  r-test  to  the  appropriate 


solvent  contiols  am'  presented  as  a  percentage  of  these 
controls  Standaid  errors  vverc  cemputed  from  the  errors 
associated  with  the  parameters  of  both  the  experimental 
and  the  control  fitted  curves  Significance  was  accepted  at 
/>  <  0  05 
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Enlumccmeiu  ol  suiiipiic  response 
Exposure  atid  stibscqiicnl  vvaslioiil  of  a  variety  of 
fatty  acid.s  was  fotind  to  produce  a  sustained  increase 
in  the  synaptic  potential  in  field  CAI  of  guinea-pig 
hippocampus.  Capric  acid  (250  pM)  caused  the 
largc.st  enhancenieiit  (.37%  compared  to  the  ACSF 
time  control.  Fig.  IB).  Araehidonic  acid  (lOO/iM) 
(Fig.  lA).  myristic  acid  (250 //M)  and  oleic  acid 
(100 /iM)  also  significantly  increased  the  ability  of  a 
given  volley  si/e  lo  elicit  a  sytuipltc  polcnltal.  while 
stearic  acid  (100 //M)  and  capric  acid  (100 //M)  were 
ineffective.  Linolcic  acid  (lOO/iM)  and  myrislic  acid 
(100 /iM).  respectively,  averaged  a  19.4  and  24.3% 
inciciise  in  synaplic  efficacy  beyond  the  solvent 


A. 


volley  (mV) 

Fig.  I  Fatty  acids  enhance  synaplic  efficacy  Plot  of  afferent 
volley  vs  population  PSP  size  reflects  synaptic  efficacy  of  the 
afferent  pathway  to  the  CAI  pyramidal  cells  (A)  Average 
curve  from  seven  hippocampal  slices  treated  with  lOOpM 
araehidonic  acid  □,  single  line:  control;  O-  dashed  line, 
during  30-min  application  of  fatty  acid:  A.  dotted  line’ 
30-min  wash  with  normal  solution.  (B)  Average  curve  for  six 
slices  treated  with  250 /iM  capric  acid. 


Fatly  acids  modulate  excitability  in  hippocampus 
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Fig  2  Many  fitly  acids  have  similar  effects  on  increasing  the  population  PSP  with  wash  The  change  was 
significant  following  exposure  to  arachidomc  acid  (100  /iM),  oleic  acid  (lOO/iM),  myristic  acid  (250 /iM) 
and  capric  acid  (250 /iM)  All  changes  arc  calculated  in  reference  to  the  appropriate  solvent  or  time 

control. 


controls,  but  neither  achieved  statistical  significance 
(Fig,  2) 

During  the  exposure  to  the  fatty  acids,  there  was  no 
significant  change  in  the  population  PSPs  (Fig.  I ),  yet 
all  but  50 /I  M  arachidomc  acid  seemed  to  produce  a 
slight  increase.  Oleic  acid,  myristic  acid  and  capric' 
acid  showed  increases  between  10  and  25%  relative  to 
the  appropriate  solvent  controls  but  were  not  statisti¬ 
cally  significant  With  50;.M  arachidomc  acid,  a 
depression  predominated,  seen  as  a  small  reduction  in 
the  ability  of  the  afierenl  volley  to  evoke  a  population 
PSP  Again,  these  small  changes  were  not  statistically 
significant  Our  results  are  consistent  with  those  of 
Drapeau  ei  ul."  who  showed  that  arachidomc  acid 
could  depress  the  synaptic  response  during  the  ex¬ 
posure  to  the  fatty  acid,  although  in  their  experiments 
potentiation  predominated. 

AlU'red  e.xctialory  posisynaptic  powiiiml -spike  coup- 
Img 

In  addition  to  the  enhancement  of  the  synaptic 
response  with  washout  of  the  fatty  acids,  a  significant 
shift  in  E/S  coupling  occurred  The  relationship 
between  the  synaptic  potential  and  the  population 
spike  was  significantly  shifted  to  the  right  Fr  all  the 
fatty  acids  tested  except  lOOpM  myristic  acid  and 
100 /I  M  capric  acid  (Fig,  4),  The  increase  ranged 
from  11%  with  100 /iM  linoleic  acid  to  33%  with 
50  p  M  arachidomc  acid  compared  to  the  appropriate 
solvent  controls.  As  with  the  synaptic  potentiation, 
the  shift  in  E/S  coupling  was  greatest  following 
washout  of  the  fatty  acid.  During  the  exposure 
period,  only  250  pM  myristic  acid  produced  a  signifi¬ 
cant  shift  in  this  curve  (Fig.  3B).  The  change  in  the 
E/S  relationship  with  50 /iM  arachidonic  acid  and 
250  pM  myristic  acid  is  shown  in  Fig.  3.  The  shift 
in  the  curves  (triangles,  dotted  line)  to  the  right 
are  small  but  significant  compared  to  the  paired 


A 


B 


Fig.  3  Plots  of  population  PSP  size  vs  population  spike 
ampliiude  show  ihat  fatly  acids  aller  the  ability  of  a  synaptic 
potential  to  generate  a  spike.  (A)  Average  curve  (n  =  6) 
showing  effect  of  exposure  and  washout  of  50  pM  arachi¬ 
donic  acid.  □.  single  line,  control;  O.  dashed  line’  during 
30-min  application  of  fatly  acid;  A,  dotted  line-  30-min 
wash  with  normal  solution.  (B)  Average  curve  {n  =  6)  for 
slices  exposed  to  250 /iM  myristic  acid. 
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I'lg,  4  Washout  of  fatty  acids  caused  a  decrease  iii  ability  to  generate  spikes  Arachidonic  acid  (50  /iM. 
l00;iMk  linoleic  acid  (100 /iM),  oleic  acid  (100 /iM),  myristic  acid  (250 /iM)  and  caprie  acid  (250 /iM) 
significantly  shifted  the  relationship  between  population  PSP  size  and  population  spike  amplitude  to  the 
right  All  changes  arc  calculated  in  reference  to  the  appropriate  solvent  or  time  control 


control  period  (squares,  single  line)  In  contrast,  with 
the  solvent  controls,  the  curve  shifted  in  the  opposite 
direction  with  time,  reflecting  a  gradual  increase  in 
F  'S  coupling  in  the  absence  of  any  exogenous  fatty 
acids  The  fatty  acids,  therefore,  arc  actually  more 
cITective  than  would  appear  from  Fig  3 

Some  of  the  fatty  acids  also  increased  the  maximal 
population  spike  amplitude  as  seen  in  Fig.  3.  Growth 
of  the  population  spike  was  also  seen  w’lth  the 
.solvents  and  time  controls  Yet  myristic  acid  (100  and 
250 /(M)  elicited  an  increase  in  maximal  amplitude 
beyond  that  predicted  from  the  DMSO  solvent  data, 
both  during  exposure  and  following  washout.  Simi¬ 
larly.  50 /I  M  arachidonic  acid,  lOO/tM  Imoleic  acid 
and  lOO/iM  stearic  acid  increased  the  maximal  popu¬ 
lation  spike  significantly  greater  than  with  the  ethanol 
controls  during  the  wash  period 

lucre  died  population  spike 

Both  synaptic  efficacy  and  E/S  coupling  contribute 
to  the  amplitude  of  the  population  spike  at  a  single 
stimulus  strength.  Despite  the  observation  that  most 
of  the  fatty  acids  did  not  significantly  alter  cither  of 
the  component  curves  during  fatly  acid  exposure, 
many  did  significantly  increase  the  population  spike. 
Since  the  population  spike  also  grew  with  the  solvent 
controls,  all  increases  were  referenced  to  the  appro¬ 
priate  control  values.  Only  arachidonic  acid  (50 //M), 
stearic  acid  (100 /<M)  and  myristic  acid  (100 /iM) 
did  not  significantly  increase  the  population  spike. 
During  the  30-min  exposure  to  the  fatty  acids, 
the  increase  in  the  population  spike  ranged  from 
11%  with  100/tM  arachidonic  acid  to  22%  with 
100  pM  oleic  and  linoleic  acids,  relative  to  the  .solvent 
controls. 

With  a  30-min  washout,  myristic  and  capric  acids 
(100  and  250  ^M)  showed  an  additional  increase  in 


the  population  spike  Following  washout,  only 
arachidonic  acid  and  stearic  acid  did  not  show  signifi¬ 
cant  potentiation  of  population  spike  amplitude  The 
largest  potentiation  was  seen  with  250 /iM  myristic 
acid  which  increased  32%  more  than  the  DMSO 
control  The  effects  of  100 /iM  oleic  acid  on  the 
relationship  between  afferent  volley  and  the  popu¬ 
lation  spike  amplitude  arc  illustrated  in  Fig  5  The 
curve  was  enhanced  during  exposure  to  the  fatty  acid 
and  the  potentiation  continued  lollowing  washout. 
The  increase  in  population  spike  amplitude  with  oleic 
acid  treatment  was  significantly  greater  than  that  seen 
with  the  ethanol  solvent  alone  The  time-course  of 
changes  in  amplitude  of  the  population  spike  and  the 
population  PSP  with  application  of  250/iM  capric 
acid  are  shown  in  Fig  6.  As  described  above,  the 
population  spike  increased  quickly  following  ex¬ 
posure  to  the  fatty  acid  while  the  population  PSP 
increased  more  slowly.  Following  removal  of  the 
fatly  acid,  the  population  spike  continued  to  increase 
slightly  but  the  population  PSP  increased  more  dra¬ 
matically  The  effects  persisted  for  the  duration  of  the 
recording  period  (I  h  of  wash).  The  change  m  ampli¬ 
tude  of  the  population  spike  during  the  exposure 
could  result  from  an  increase  in  synaptic  potential 
and/or  an  increase  in  E/S  coupling,  although  neither 
effect  alone  was  statistically  significant.  With  wash¬ 
out,  the  synaptic  potential  was  increased  dispropor¬ 
tionately  to  the  increase  in  the  population  spike.  This 
IS  likely  to  be  a  consequence  of  the  decrease  in  E/S 
coupling  discussed  above. 

DISCUSSION 

A  number  of  fatty  acids  have  been  found  to 
produce  eicctrophysiological  effects  in  hippocampal 
slices.  Although  each  fatty  acid  was  unique,  a  general 
pattern  was  evident.  With  exposure  to  the  fatty  acid 


Fatty  acids  modulate  cxcitabdity  in  hippocampus 
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CONTROL  100  juM  OLEIC  ACID  WASH 


Fig  5  Exposure  to  100  ;(M  oleic  acid  increased  population  spike  amplitude  Traces  show  sample 
population  spikes  from  a  slice  exposed  to  100 /iM  oleic  acid  The  popu..>lion  spike  increased  during 
application  and  further  increased  following  washout  of  the  fatty  acid.  Calibration  1  mV,  2  ms.  Plot  of 
afferent  volley  vs  population  spike  amplitude  shows  increase  with  fO-miti  exposure  and  further  increase 
following  ,1()-inin  of  wash.  These  changes  exceeded  those  seen  with  the  ethanol  control.  □.  single  line, 
control.  O.  dashed  line  during  30-min  application  of  fatty  acid;  A.  dotted  line:  30-min  wash  with  normal 
solution  Curves  from  live  slices  were  averaged. 
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Fig.  Time-course  of  increase  in  population  spike  amplitude  (O)  and  population  PSP  size  (A)  with 
exposure  to  250  p  M  capric  acid  in  a  representative  experiment.  Synaptic  potentials  increased  slightly 
'•uring  exposure  to  capric  acid  and  showed  greater  increase  with  wash.  Population  spikes  showed 
substantial  increase  during  initial  exposure  to  capric  acid.  With  washout,  the  population  spike  did  not 
increase  proportionately  with  the  increase  in  the  synaptic  response. 
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the  population  spike  increased.  The  synaptic  p.^cn- 
tial  and  E/S  coupling  were  minimally  affected  during 
this  time.  With  washout  of  the  fatty  acid,  the  synaptic 
response  potentiated.  The  population  spike  fre¬ 
quently  continued  to  increase  with  wash  but  not  to 
the  extent  expected  from  the  rise  in  the  synaptic 
potential.  E/S  coupling  was  impaired.  These  data 
suggest  that  a  number  of  cellular  processes  are  sensi¬ 
tive  to  fatty  acids 

Oleic  acid  and  arachidonic  acid  have  been  shown 
to  enhance  LTP  in  the  hippocampus.""''*  Linden 
el  suggested  that  these  actions  resulted  from 

activation  of  protein  kinase  C.  Oleic  acid  was  more 
effective  than  arachidonic  acid  both  to  activate  pro¬ 
tein  kinase  C  and  to  enhance  LTP."  Stearic  acid, 
which  does  not  activate  protein  kinase  C'*'*  did  not 
have  this  effect."  Similarly,  in  the  present  study,  oleic 
acid  was  more  effective  than  arachidonic  acid  in 
potentiating  the  synaptic  response  while  stearic  acid 
was  ineffective.  Although  myristic  acid,  but  not  capric 
acid,  was  reported  to  activate  protein  kinase  C,'*  both 
were  found  to  be  equally  effective  at  increasing  the 
synaptic  response.  The  fatty  acid  actions  on  spike 
generation  do  not  follow  the  same  pattern  of  effec¬ 
tiveness  and  probably  do  not  result  from  this  mech¬ 
anism.  Increased  inositol  phosphates  and  the 
consequent  rise  in  intracellular  calcium  has  also  been 
proposed  as  a  mechanism  for  arachidonic  ticid- 
induccd  LTP  enhancement  ”  However,  oleic  acid 
cannot  substitute  for  arachidonic  acid  in  activation  of 
phosphoinositide  turnover.'”'’  This  observation 
makes  it  an  unlikely  mechanism  for  any  of  the 
clcctrophysiological  actions  described  here. 

Takenaka  et  have  examined  the  actions  of  a 
number  of  fatty  acids  on  currents  in  squid  giant  axon. 
They  found  that  sodium  current  activation  parameter 
(m)  was  shifted  in  the  depolarized  direction  with 
application  of  fatty  acids  with  at  least  eight  carbons'” 
and  that  the  long-chain  fatty  acids  such  as  arachi¬ 
donic  acid  were  more  effective  than  the  medium-chain 
fatly  acids.’'  From  the  chemical  s' ructurcs,  Takenaka 
et  al.^'  hypothesized  that  the  fatty  acids  all  have  a 
similar  a. '.on  to  perturb  the  membrane  near  the 
"plastic”  region  of  the  sodium  channel  A  similar 
disruption  of  the  membrane  by  the  fatty  acids  could 
alter  hippocampal  elcctrophysiology.  In  fact,.  Crews 
el  ill."’  have  shown  that  alteration  of  membrane 
fluidity  by  addition  of  cholesterol  reversibly  reduced 
the  cholinergic  response  of  hippocampal  pyramidal 
cells.  Fatty  acid  insertion  into  the  membrane  and 
modification  of  local  channel  domains  cannot  be 
excluded  as  a  mechanism  for  some  of  the  fatty  acid 
actions  described  here. 

Metabolites  of  arachidonic  acid  have  been 
suggested  as  the  effective  agents  in  potentiation  of 
orthodromic  responses  in  the  hippocampus.""”  The 


lipoxygenase  inhibitor,  nordihydroguaiaretic  acid, 
prevented  arachidonic  acid-induced  synaptic  poten¬ 
tiation"  but  not  the  enhancement  of  LTP.’*  The 
actions  of  arachidonic  acid  are  not  blocked  by 
indomcthacin,  a  cyclooxygenase  inhibitor."  The 
lipoxygenase  metabolites,  (12)-hydropcroxyeicosate- 
traenoic  acid  (12-HPETE)"  and  hepoxilin  Aj"  mim¬ 
icked  the  synaptic  potentiation  by  arachidonic  acid. 
However,  since  most  of  the  fatty  acids  used  in  the 
present  study  are  not  substrates  for  cither  lipoxyge¬ 
nase  or  cyclooxygenase,  a  metabolic  product  is  an 
unlikely  mediator  of  the  present  results. 

Fatty  acids  may  have  differential  effects  when  made 
available  intraccllularly  vs  extraccllularly.  In  muscle 
myocytes,  intracellular  oleic  acid  and  arachidonic 
acid  increased  inward  current  while  extracellular 
arachidonic  acid  decreased  the  inward  current.’"  It  is 
interesting  to  speculate  that  the  changes  in  excit¬ 
ability  m  the  hippocampal  slice  with  exposure  and 
wash  may  reflect  a  differential  distribution  of  the  fatty 
acid.  This  possibility  needs  to  be  considered  when 
extrapolating  data  to  pathological  states  where  fatty 
acids  may  be  expected  to  accumulate  to  a  greater 
extent  intraccllularly  than  extraccllularly. 

Fatly  acids  arc  released  from  cells  following  ex¬ 
posure  to  free  radicals.’*’’  Previous  studies  in  our 
laboratory  have  shown  that  gamma  radiation”  and 
peroxide-induced  free  radical  damage"  cause  a  de¬ 
crease  111  both  synaptic  efficacy  and  spike  generation. 
With  X-radiation  at  a  low  dose  rate  (I.5Gy/min) 
where  lipid  peroxidation  may  predominate  as  a  mech¬ 
anism  of  cell  damage,’"  synaptic  efficacy  is  increased. 
The  curve  relating  the  ability  of  the  population  PSP 
to  generate  a  population  spike  is  shifted  to  the  right. 
In  addition,  the  maximal  population  spike  amplitude 
is  increased.  In  short,  the  clcctrophysiological  conse¬ 
quences  of  X-radialion  look  very  much  like  exposure 
and  subsequent  washout  of  fatty  acids  We  postulate 
that  the  release  of  fatty  acids  contributes  to  the 
clcctrophysiological  effects  of  X-radiation  exposure. 
Free  radical-induced  release  of  fatty  acids,  in  combi¬ 
nation  with  additional  factors,  probably  contribute  to 
peroxide  and  gamma  radiation  damage  as  well.  The 
results  of  the  present  study  support  the  possibility 
that  free  fatty  acids  contribute  to  the  clectrophysio- 
logical  changes  that  occur  in  pathological  states  such 
as  ischemia. 
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ABSTRACT 

Interleukin- 1  (IL-1)  and  interleukin-6  (IL-6)  shareanumber  of  biological  I  unctions.  Because  IL-1  induces  IL-6 
in  vivo,  the  extent  to  which  IL-6  mediates  the  effects  of  IL-1  has  come  under  investigation.  The  stimulation  of  the 
hypothalamic-pituitary-adrenal  axis  by  IL-1  and  IL-6  is  a  critical  component  of  the  inflammatory  response. 
The  present  study  was  designed  to  compare  the  effects  of  recombinant  human  IL-1  a  (rhlL-Ia)  and  recombinant 
human  IL-6  (rhIL-6)  administered  in  combination  and  alone  on  the  release  of  adrenocorticotropic  hormone 
(ACTH)  in  mice.  We  have  demonstrated  that  the  administration  of  rhlL-6  alone  does  not  duplicate  the 
stimulatory  effect  of  rhIL-la  on  ACTH  release.  On  the  other  hand,  suboptimal  amounts  of  rhIL-la  and  rhIL-6 
synergize  to  induce  an  early  (30-60  min)  ACTH  response  and  produce  a  later  (2-3  h)  response  that  is  similar  to 
the  one  observed  after  rhIL-la  is  administered  alone.  These  results  suggest  that  the  2-3  h  response  to  rhIL-la 
may  be  dependent  on  synergy  with  the  endogenous  IL-6  it  induces  systemically  and  in  the  central  nervous  system 
(including  the  hypothalamus  and  the  pituitary  gland). 


INTRODUCTION 

The  pluripotem  cytokines,  interleukin- 1  (IL-1)  and  interleu- 
kin-6  (iL-6),  share  several  biological  functions  (1-4). 
Because  IL- 1  induces  IL-6  in  vivo  (5-7),  it  is  possible  that  the 
effects  of  lL-1  are  mediated  by  IL-6.  Several  effects  of  IL-l, 
such  as  the  stimulation  of  growth  of  myeloma  cells  (8)  and  the 
release  of  gonadotropins  and  prolactin  by  the  pituitary  gland  (9). 
were  shown  to  be  induced  directly  by  lL-6.  However,  the  in  vivo 
induction  of  several  acute  phase  proteins  (5)  and  nonspecific 
resistance  to  microbial  infection  ( 10)  were  not  reproduced  when 
IL-6  was  administered  alone.  Furthermore,  synergy  between 
IL- 1  and  IL-6  was  demonstrated  in  the  stimulation  of  B  cell  (II) 
and  myelomonocytic  cell  (12)  differentiation  and  T  cell/ 
thymocyte  activation  and  proliferation  (13-17),  the  induction  of 
certain  acute  phase  proteins  (18.19),  and  radioprotection  (5). 

Cytokines  play  a  critical  role  in  activating  the  hypothalamic- 
pituitary-adrenal  (H-P-A)  axis  during  the  inflammatory/ 
immune  re.sponse  (20,21).  The  glucocorticoids  produced  are 
essential  for  the  host’s  survival  and  feedback  negatively  on 
multiple  aspects  of  immune  function  (20).  It  is  well  established 


that  IL-1  stimulates  the  release  of  adrenocorticotropic  hormone 
(ACTH)  (22-32).  most  likely  by  inducing  corticotropin-re¬ 
leasing  hormone  (CRH)  (25-27),  and  more  current  work  at¬ 
tributes  a  similar  effect  to  lL-6  (29,33-36). 

The  present  study  was  designed  to  compare  the  effects  of  IL- 1 
and  IL-6  alone  and  in  combination  on  ACTH  release  in  mice 
Our  results  indicate  tha'  IL-1  and  IL-6  interact  synergistically  in 
stimulating  the  release  of  ACTH 


MATERIALS  AND  METHODS 

Mice 

Female  C3H/HeN  mice  were  purchased  from  the  National 
Cancer  Institute,  Frederick,  MD.  Mice  were  quarantined  on 
arrival  and  screened  for  evidence  of  disease  before  being 
released  for  experimentation.  They  were  maintained  in  an 
American  Association  for  Accreditation  of  Laboratory  Animal 
Care-accredited  facility  in  plastic  Micro-Isolator  cages  on  hard- 
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wood  chip  comact  bedding,  provided  commercial  rodent  chow, 
and  given  acidified  (HCI  to  a  pH  of  2.5)  tap  water  ad  libitum. 
.Not  more  than  10  mice  were  quartered  in  each  cage  .Animal 
holding  rooms  were  maintained  at  70’  2°F  with  50  :::  lO?}- 

relative  humidity  using  at  least  10  air  changes  per  hour  of  100*^ 
conditioned  fre.sh  air.  The  mice  were  kept  on  a  12-h  (0600-1800 
111  light-dark  full  spectrum  lighting  cycle  with  no  twilight.  Mice 
were  10-16  weeks  of  age  when  used.  All  animal  handling 
procedures  were  performed  in  compliance  with  guidelines  Irom 
the  National  Research  Council  and  the  Armed  Forces  Radiobi- 
ologv  Research  Institute. 

C  V  tokines 

The  recombinant  human  IL-la  (rhlL-la)  was  generously 
provided  by  Dr.  Peter  Lomedico  of  Hoffmann-La  Roche. 
Nutlev.  .NJ.  The  preparation,  lot  lL-l-2/8,  was  supplied  in  50 
mV/  potassium  phosphate  and  0. 1  M  NaCl  buffer  (pH  6.5).  The 
endotoxin  contamination  was  negligible  at  0.5  Eu/0.68  mg 
protein  (Limulus  Amoebocyte  Lysate  assay:  LAL  assay).  We 
used  rhIL-la.  rather  than  rhIL-lp.  because  (I)  mice  te.spond 
well  to  rhIL-la  (23).  (2)  rhlL-la  is  the  predominant  form  of 
IL- 1  transp'jrted  bidirectionally  across  the  blood-brain  barrier  in 
mice  (37,38,  W.  A.  Banks,  personal  communication),  with  the 
hypothalamus  manifesting  an  entry  rate  twi  e  that  of  other  brain 
areas  (37).  and  (3)  in  mice.  rhIL-la  stimulates  hypothalamic 
noradrenergic  neurons,  thereby  activating  the  H-P-.A  axis  and 
increasing  plasma  corticosterone  levels  10-fold  (39),  The  re¬ 
combinant  human  lL-6  (rhIL-6)  was  provided  by  Dr.  Menachem 
Rubinstein  of  Inter  Pharm  Laboratories,  Ness-Ziona,  Israel.  The 
preparation,  lot  1L-6-CHO-1/5.  was  supplied  in  acetate  buffer 
(pH  5  0)  and  had  a  specific  activity  of  5  x  10*  units/mg.  The 
endotoxin  contamination  was  negligible  at  less  than  0.4  Eu/mg 
protein  (LAL  assay).  All  reagents  were  diluted  to  the  desired 
concentration  in  pyrogen-free  normal  saline  just  before  a  stngle 
intraperitoneal  (ip)  injection  of  0.5  ml  to  mice. 

Measurement  of  ACTH  in  plasma 

All  experiments  were  begun  at  0930  h  and  completed  2-5  h 
later.  Mice  were  decapitated  (with  Model  #130  Rodent  Dccap- 
itator,  Harvard  Apparatus,  South  Natick,  MA)  at  designated 
time  points  (30-300  min)  after  ip  injection  of  rhlL-la  and/or 
rhlL-6.  and  vehicle  (0.5  ml  pyrogen-free  normal  saline).  In 
addition,  six  noninjected  control  mice  were  euthanatized  on  the 
day  of  each  experiment.  The  blood  was  collected  in  tubes 
containing  25  p.1  of  porcine  sodium  heparin  (Elkins-Sinn,  Inc., 
Cherry  Hill,  NJ)  and  lO  p.1  of  aprotinin  (bovine  protease 
inhibitor,  Sigma  Chemical  Co.,  St.  Louis,  MO),  and  then 
centrifuged  for  25  min  at  2'’C  in  a  Beckman  Model  TJ-6 
centrifuge.  The  plasma  was  removed  and  frozen  at  -70‘’C  until 
RIA  for  ACTH  was  performed.  ACTH  was  assayed  usng  an 
RIA  kit  for  human  ACTH  purchased  from  the  INCSTAR 
Corporation,  Stillwater,  MN  (Catalog  #24139).  Most  speci¬ 
mens  were  analyzed  in  duplicate.  The  ACTTH  antibody  em¬ 
ployed  in  this  assay  is  deriv^  from  rabbits  injected  with  human 
ACTH,. 24  (a  region  that  is  identical  in  human  and  murine 
ACTH)  and  has  been  shown  to  cross-react  with  ACTH  from 
many  other  species  (INCSTAR  Corporation,  unpublished  data). 
Furthermore,  murine  ACTH  has  been  accurately  measured 
using  anti-human  ACTH  antibodies  (40,41),  Cros.-  reactivities 


with  a-melanocvte-stimulating  hormone.  B-endorphin.  and  P- 
lipotropin  at  concentrations  of  1 200  pg'inl  were  less  than  0.0 1 
Imraassay  reproducibility  was  49c  (coefficient  of  variation:  CV ) 
and  interas.say  reproducibility  was  S9c  (CV).  Assay  sensitivity 
wasSpg/ml. 

Statistical  analysis 

In  the  .statistical  analysis  of  the  data,  a  log  transformation  of 
all  plasma  ACTH  values  was  performed.  The  means  plotted  in 
Figs.  1-5,  listed  in  Table  1 .  and  noted  in  the  text  are,  therefore, 
geometric  means,  and  the  numbers  in  brackets  in  Table  1  and  the 
text  are  the  lower  and  upper  ends  of  standard  error  bars 
References  to  “mean  2:  SEM"  are  for  log  units  and  all  compar¬ 
isons  were  made  in  those  units.  All  statistical  comparisons  were 
made  using  Student's  t  lest.  In  Figs  1-5.  where  more  than  one 
set  of  data  was  plotted  on  a  graph,  a  time  offset  was  used  to  avoid 
overlapping  error  bars. 


RESULTS 

Release  of  ACTH  after  the  injection  of  vehicle 

In  every  experiment  involving  the  injection  of  rhIL- 1  a  and/or 
rhlL-6.  control  animals  were  simultaneously  injected  with  vehi¬ 
cle  only  (0.5  ml  pyrogen-free  normal  saline).  The  ACTTH 
responses  to  the  vehicle  injections  were  very  small  in  magni¬ 
tude,  but  occasionally  were  significantly  different  from  basal 
values  in  noninjected  control  mice.  The  30-,  60-.  120-,  and 
180-min  vehicle  responses  were  not  significantly  different  from 
one  another  when  pooled  data  from  all  experiments  were 
analyzed.  Mean  plasma  ACTH  (for  all  time  points/  after  inject¬ 
ing  vehicle  (68  (67,  69},  n  =  215)  was  significantly  greater 
{p  <  0.001)  than  the  mean  plasma  ACTH  for  all  noninjected 
control  mice  (61,  {60,62},  n  =  125).  Presumably,  these  re- 
spon.ses  reflect  the  stress  of  animal  handling/injection.  There¬ 
fore,  in  the  description  of  results  that  follows,  the  ACTH 
responses  to  interleukin  injections  at  various  time  points  are 
compared  with  those  induced  by  simultaneous  vehicle  injec¬ 
tions. 

Release  of  ACTH  after  the  injection  of  rhIL-la 

Figure  1  shows  the  effects  of  ip  administration  of  increasing 
doses  of  rhIL-la  (10  ng,  100  ng,  1  (xg,  and  10  (ig/mouse)  on 
plasma  ACTH  2  h  after  injection.  Significant  increases  were 
seen  in  every  instance.  Analysis  of  the  time  course  of  ACTH 
response  reveals  a  dose-dependent  prolongation  of  the  time 
required  to  achieve  maximal  ACTH  levels  ( 10  ng  and  100  ng— 2 
h,  1  pg— 3  h,  10  pg— 4-5  h  (data  not  shown)]  and  more 
prolonged  duration  of  response  with  increasing  amounts  of 
phRIL-lo(Fig.  2). 

Release  of  ACTH  after  the  injection  of  rhlL-6 

The  ip  administration  of  1  or  10  pg  of  rhIL-6  elicited  a 
statisticily  significant  but  very  small  response  60  min  after  the 
injection.  No  significant  responses  were  seen  at  any  other  time 
points  (Fig.  3). 
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FIG.  1 .  Changes  in  plasma  ACTH  in  C3H/HeN  mice  2  b  after 
mtraperitoneal  injection  of  different  doses  of  rhIL-la.  Each  time 
point  represents  the  mean  t  SEM  of  honnone  determinations 
from  6  to  1 2  animals  (see  Materials  and  Methods)  The  response 
to  each  dose  of  rhIL-la  was  significantly  greater  (p  ^  0.(X)1) 
than  the  response  at  2  h  to  simultaneously  injected  vehicle  (0.5 
ml  pyrogen-free  normal  saline) 


Time  (min) 

FIG.  3.  Time  courseof  increase  in  plasma  ACTH  in  C3H/HeN 
mice  after  intraperiioneal  injection  of  rhlL-6  ( I  and  10  jxg' 
animal).  Each  time  point  represents  the  mean  ±  SEM  of  hor¬ 
mone  determinations  from  6-12  animals  (see  Materials  and 
Methods).  Only  the  60  min  response  to  the  l-jcg  dose 
ip  =  0  004)  and  the  10-p.g  dose  (p  -  0.036)  was  significantly 
greater  than  the  response  to  simultaneously  injected  vehicle  (0.5 
ml  pyrogen-free  normal  saline). 


Time 
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FIG.  2.  Time  course  of  increase  in  plasma  ACTH  in  C3H/ 
HeN  mice  after  intraperiioneal  injection  of  rhlL-la  (10  ng,  100 
ng.  1  p.g,  10  |xg/animal).  Each  time  point  represents  the 
mean  ±  SEM  of  hormone  determinations  from  6  to  12  animals 
(see  Materials  and  Methods).  The  responses  at  240  and  300  min 
are  not  shown.  The  response  at  every  time  point  was  compared 
with  the  response  to  simultaneously  injected  vehicle  (0.5  ml 
pyrogen-free  normal  saline).  Significantly  different  responses 
were  observed  with  10  ng  (120  min,  p  <  0.001),  100  ng  (60 
min,p  <  0.01;  120  min, p  <  0.001;  180  min, p  <  0.001),  I  p,g 
(30  min.  p  <  0.05;  120  min,  p  <  0.001;  180  min,  p  <  0.05; 
240  min,  p  <  0.001;  300  min,  p  <  0.001),  10  pg  (30  min, 
p  <  0.05;  60  min,  p  <  0.05;  120  min.  p  <  0.001;  180  min, 
p  <  0.001;  240  min,  p  <  0.001;  300  min,p  <  0.001). 


Release  of  ACTH  after  the  injection  of  combinations  of 
rhIL-la  and  rhlL-6 

Following  the  combined  administration  of  100  ng  rhIL-la 
and  1  ng  rhIL-6.  a  significant  increase  in  circulating  ACTH  was 
observed  at  30,  60,  120.  and  180  min  (Fig.  4).  When  these 
responses  were  compared  with  those  achieved  with  100  ng 
rhIL-la  and  1  pg  rhIL-6  given  separately,  the  responses  to  the 
combined  injection  were  found  to  be  significantly  greater  than 
the  sum  of  the  responses  to  each  component  alone  at  30  and  60 
min  (Fig.  4  and  Table  1).  However,  at  120  and  180  mm.  the 
responses  after  administration  of  this  combination  of  cytokines 
were  similar  to  the  responses  to  100  ng  rhIL-la  given  alone  and 
significantly  greater  than  the  responses  to  1  pg  rhlL-6  given 
alone  (Fig.  4).  Similarly,  combined  administration  of  10  ng 
rhIL-la  and  1  pg  rhlL-6  significantly  increased  plasma  ACTH 
levels  at  30.  60.  and  120  min  (Fig.  5).  The  response  to  the 
combination  of  cytokines  was  significantly  greater  than  the  sum 
of  the  responses  to  each  component  alone  at  60  min;  at  30  min.  a 
similar  trend  was  observed  which  was  not  statistically  signifi¬ 
cant  (Fig.  5  and  Table  1).  At  120  min.  the  response  to  the 
cytokine  combination  was  similar  to  the  response  to  10  ng 
rhlL-la  given  alone  (Fig.  5). 


DISCUSSION 

Our  results  demonstrate  that  rhlL-la  and  rhlL-6  interact 
synergistically  in  stimulating  the  release  of  ACTH.  This  synergy 
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FIG.  4.  Compariscn  of  ihe  time  course  of  increase  in  plasma 
ACTH  in  C3H/HeN  mice  after  intraperitoneal  injection  of  100 
i;j  rhIL-la  combined  with  I  p.g  rhIL-6.  100  ng  rhIL-la.  and  1 
(jLg  rhIL-6  Each  time  point  represents  the  mean  i  SEM  of 
hormone  determinations  from  6  to  1 2  animals  (see  Materials  and 
Methods)  The  30-  and  60-min  responses  to  the  cytokine  mixture 
were  significantly  greater  than  the  sum  of  the  responses  at  those 
same  times  to  100  ng  rhlL-la  and  1  p.g  rhlL-6  given  separately 
(30  mm.  p  <  0.01;  60  min.  p  <0  O.s),  The  120-  and  180-min 
rcspon.ses  to  Ihe  cytokine  combination  were  similar  to  the  same 
responses  to  100  ng  rhIL-la  given  alone  and  significantly 
greater  than  the  same  responses  to  1  |ig  rh!L-6  administered 
alone  (p  <  0.001) 

Table  I  Early  Changes  in  Plasma  ACTH  after  the 
Injection  of  rhlL-la  and/or  rhIL-6* 


ACTH  response 


Treatment  (dose) 

30  min 

60  min 

Vehicle 

67  (66,  69)'’ 

68  (66,  69)*’ 

rhIL- la  (10  ng) 

79  (75.  83) 

62  (59, 65) 

rhIL- la  (100  ng) 

84  (79,  89) 

78(76,81)‘ 

rhlL- la  (1  n%) 

91  (86,95)‘ 

77  (72,  83) 

rhIL- la  (10  n%) 

105  (100,  110)‘ 

110(95,  I27)‘ 

rhlL-6  ( 1  n%) 

79  (70,  90) 

81  (77,  84)‘ 

rhIL-6  (10  Jig) 

69  (59,  80) 

92  (83,  102)‘ 

rhIL- 1  a  (10  ng) 

121  (117,  125)‘ 

127(124,  I30)‘-‘' 

and  rtiIL-6  ( 1  jig) 
rhIL- la  (100  ng) 

147  (142,  153)'-' 

151  (142,  161)‘f 

and  rhIL-6  ( 1  ng) 


*  Plasma  ACTH  levels  were  determined  in  C3H/HeN  mice  30  and 
60  min  after  the  intraperitoneal  administration  of  various  amountsof 
rhIL-  la  and  rhIL-6  alone  and  in  combination.  Each  value  represents 
the  mean  ±  SEM  of  hormone  determinations  in  6- 1 2  animals  (see 
Materials  and  Methods). 

•’Mean  ACTH  response  after  the  injection  of  vehicle  for  all 
expenments. 

‘Significantly  different  than  the  response  at  the  same  lime  to 
simultaneously  injected  vehicle  (O.S  ml  pyrogen-free  normal  saline). 
See  Figs.  2-5. 

‘•significantly  different  than  the  sum  of  the  responses  ct  60  min  to 
10  ng  rhIL-la  and  1  ng  rhlL-6  given  separately  (p  <  0.001). 

‘Significantly  different  than  the  sum  of  the  responses  at  30  min  to 
100  ng  rhIL-  la  and  I  ng  rhlL-6  given  separately  (p  <  0.01). 

•significantly  different  than  the  sum  of  the  responses  at  60  mm  to 
100  ng  rhIL-  la  and  I  ng  rhlL-6  given  separately  (p  <  0.05) 


20  40  60  80  too  120  MO  160  180 
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FIG.  5.  Comparison  of  the  time  course  ol  increase  in  plasma 
ACTH  in  C3H;HeN  mice  alter  intraperitoneal  injection  ol  10  ng 
rhlL-la  combined  with  I  jxg  rhlL-6.  10  ng  rhlL-lo.  and  I  p,g 
rhlL-6.  Each  time  point  represents  the  mean  r  SEM  ol  hor¬ 
mone  determinations  from  6-12  animals  (see  .Materials  and 
.Methods)  The  60-min  response  to  the  cytokine  mixture  was 
significantly  greater  than  the  sum  of  the  responses  at  60  min  to 
10  ng  rhlL-laand  1  p.g  rhlL-6  given  separately  (p  <-  0  001 ) 
The  120-min  response  to  the  cytokine  combination  was  similar 
to  the  120-min  response  to  10  ng  rhlL-la  given  alone. 


IS  observed  30  and  60  mm  after  injection,  but  not  at  1 20  and  1 80 
inin.  At  the.se  later  times,  the  response  to  rhlL-  la  given  alone  is 
similar  to  that  of  rhlL- la  given  in  combination  with  rhlL-6  It  is 
po,ssible  that,  at  120  and  180  mm.  rhIL-la  synergi/.es  with  the 
endogenous  lL-6  it  induces  syslemically  (5.6)  and  in  the  central 
nervous  system  (7).  The  maximal  concentrations  of  lL-6 
achieved  2  h  alter  the  .administration  of  rhIL- la  (5.6)  may  be 
sutficicni  in  quantity  lo  synergize  with  rhIL- la  Furthennore. 
because  10  ng  of  rhlL- la  increases  levels  of  circulating  lL-6 
minimally  m  mice  (5).  the  response  observed  at  2  h  to  10  ng 
rhlL- la  may  be  related  to  paracrine  effects  of  lL-6  induced  by 
rhlL- 1  a  in  the  hypothalamus  and/or  pituitary.  A  similar  phe¬ 
nomenon  may  explain  the  very  small  but  signifieani  ACTH 
responses  observed  30  and/or  60  mm  after  the  injection  of 
rhIL- 1  a  alone  in  do.ses  of  100  ng  or  more. 

Synergy  between  IL- 1  and  IL-6  has  been  observed  with  regard 
lo  several  of  their  shared  biological  effects  (1.1 1-19)  In  this 
regard,  it  was  reported  ( 1 3)  that  the  greatly  enhanced  thymocyte- 
stimulating  activity  produced  by  phIL- 1  a  or  phIL- 1  P-stimulated 
fibroblasts  (as  compared  with  the  direct  effect  of  rhlL-  la  alone) 
is  mediated  by  a  synergistic  interaction  of  rhlL-1  and  IL-6 
derived  from  the  fibroblasts  and  abolished  by  anti-rhIL-6  anti¬ 
body.  Moreover,  adding  IL-6  (which  is  radiosensitizing  when 
given  alone)  to  a  nonradioprotective  dose  of  IL-1  results  in 
significant  radioprotection  (5).  In  addition,  recent  in  viiro  results 
suggest  that  IL-I  and  IL-6  interact  synergisiically  to  stimulate 
ACTH  release  from  rat  pituitary  cells  (42).  The  basis  for  this 
synergy  is  not  clear,  but  may  relate  to  the  ability  of  cytokines  to 
up-rcgulate  the  receptors  of  other  cytokines  (i.e..  IL-3  and 
granulocyte/macrophage  colony-stimulating  factor  (GM-CSF) 
up-reguiate  IL-I  receptors  (43)1. 

Many  studies  have  shown  that  IL-I  is  a  potent  inducer  of 
ACTH  in  vivo  and  in  vitro  as  recently  reviewed  by  Bateman 
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<7  ill  I’lL  and  Lumpkin  t2li  Howc\er.  ii  remain^  unclear 

hothcr  11.  1  'immiaies  ACTH  release  bv  a  direct  action  on  the 
pitimarv  eland  Mihoueti  ce\eral  m  \itio  studies  vcith  anterior 
piiuitarv  cells  suppi'rt  this  contention  i2*J-3l).  others  do  not 
1 25,20  .'2)  On  the  other  hand,  it  is  well  e.stablished  that  IL-1 
siiinulaies  CRH  release  Irom  the  hypothalamus  (25-27.32) 
ihroueh  a  mcc  hanisni  that  mas  invohe  prostaglandin  (28)  andOrr 
noradrenergic  acto  ation  ( 39)  .Moreover,  the  demonstration  that 
neural  elements  ol  the  human  hypothalamus  slain  signiHeantly 
lor  rhIL-  l|i  (44 1  suggests  a  paracrine  role  Cor  IL- 1  in  this  area  of 
the  brain 

The  present  observations  of  the  lime  course  of  the  dose- 
dependent  increase  in  circulating  ACTH  after  rhIL-  la  injections 
ditter  somewhat  Irom  the  results  reported  by  Besedovsky  etal. 

1 22 1  in  mice  injected  with  rhlL-l(i.  Whereas  wc  demonstrated 
maximal  plasma  lesels  of  ACTH  2  h  or  later  after  injecting 
rnlL-lo.  a  duration  of  response  that  increased  as  the  injected 
dose  ol  rhIL-la  became  larger,  and  very  small  responses  at  30 
and  60  min.  Besedovsky  el  al.  reported  a  more  substantial  early 
response,  a  greater  peak  at  2  h.  and  a  more  rapid  disstpation  of 
response  It  is  possible  that  mice  respond  differently  to  rhIL- 1  a 
and  rhIL-lp.  A  brisk  response  to  rhlL-ip  and  a  minimal 
response  to  rhlL-  la  was  previously  described  in  the  rat  (28.45), 
and  IS  possibly  related  to  rat  hypothalamic  receptors  having  a 
greater  affinity  for  rhlL- 1 P  (46).  The  binding  characteristics  of 
murine  hypothalamic  receptors  have  not  been  reported  as  yet. 
However,  it  was  shown  in  mice  that  rhIL- la  cros-scs  the 
blood-brain  barrier  more  easily  than  rhIL- ip  (37.  W.  A.  Banks, 
personal  communication). 

iL-6  has  also  been  reported  to  stimulate  the  release  of  ACTTH 
m  viiro  (29,34-36)  and  in  vivo  in  rats  (33.34).  Akin  to  previous 
studies  involving  IL-I.  Naitoh  ei  al.  (33)  performed  immuno- 
neutralization  experiments  with  anti-CRH  antibodies  to  demon¬ 
strate  that  IL-6  induces  CRH  as  a  mediator  of  ACTH  release.  On 
(he  other  hand .  evidence  for  an  effect  of  IL-6  on  A(2TH  secretion 
at  the  level  of  the  pituitary  has  also  been  reported  (29,34),  and 
IL-6  most  likely  produced  by  the  folliculosteliate  cells  of  the 
pituitary  (spontaneously  and  in  response  to  IL-1)  may  have 
important  paracrine  effects  (47-50).  In  this  regard,  Yamaguchi 
ei  al  ( 10)  recently  reported  that  the  amount  of  lL-6  released 
from  anterior  pituitary  cells  in  culture  in  response  to  rhlL-ip 
duplicated  th(  effects  of  rhIL- 1 P  on  prolactin  and  gonadotropin 
release 

In  our  study,  small  but  significant  ACTH  responses  were 
observed  60  mm  after  I  -  and  10-p,g  injections  of  rhIL-6  alone. 
Using  similai  amounts  of  rhIL-6  in  a  larger  species  (rat),  Naitoh 
et  al.  (33)  observed  more  accelerated  responses  15,  30.  and  60 
mm  after  the  injections.  One  possible  explanation  for  this 
species  difference  in  response  to  IL-6  is  that  the  rat  maintains 
higher  endogenous  IL-1  levels,  resulting  in  a  greater  likelihood 
of  IL-l/IL-6  synergy. 

In  conclusion,  we  have  demonstrated  that  administering 
rhIL-6  alone  does  not  duplicate  the  stimulatory  effect  of  rhlL-la 
on  A(2TH  release.  On  the  other  hand,  suboptimal  amounts  of 
rhIL-la  and  rhIL-6  synergize  to  induce  an  early  (30-60  min) 
ACTH  release,  and  the  later  (2-3  h)  response  to  rhIL-  la  may  be 
dependent  upon  synergy  with  the  endogenous  IL-6  it  induces 
systemically  and  in  the  central  nervous  system  (including  the 
pituitary  gland  and  the  hypothalamus).  Studies  using  anti-IL-6 
antibody  should  further  clarify  this  interaction.  Such  synergy  is 


theorctiLallv  beneficial  in  that  it  allow \  the  H-P-.-\  axis  to 
respond  rapidK  and  elliciently  to  the  stre.ss  ol  inflammation  at  a 
time  when  the  concentration  ol  poteniiallN  toxic  cytokines 
IS  low 
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Rats  were  exposed  to  protons  (155  MeV)  or  to  helium  (165 
MeV'/amu),  neon  (522  MeV/amu)  or  argon  (670  MeV/amu) 
particles  to  evaluate  the  behavioral  toxicity  of  these  types  of 
radiations.  Behavioral  toxicity  was  assessed  using  the  condi¬ 
tioned  taste  aversion  paradigm.  Exposure  to  all  types  of  radia¬ 
tion  produced  dose-dependent  increases  in  the  intensity  of  the 
acquired  taste  aversion.  However,  the  intensity  of  the  aversions, 
measured  as  the  dose  that  produced  a  50%  decrease  in  the  intake 
of  the  sucrose-conditioned  stimulus,  did  not  show  significant 
variation  as  a  function  of  the  linear  energy  transfer  (LET)  of  the 
radiation.  The  results  are  discussed  in  terms  of  the  relationship 
between  LET  and  behavioral  toxicity.  *  1991  Academic  ptc«.  inc. 


INTRODUCTION 

On  missions  outside  the  protection  provided  by  the  mag¬ 
netic  field  of  the  Earth,  astronauts  may  be  expected  to  en¬ 
counter  radiations  and  doses  that  differ  from  those  experi¬ 
enced  in  low-earth  orbit.  These  radiations,  primar.ly  from 
galactic  cosmic  rays,  are  composed  of  a  particles,  protons, 
and  heavy  particles  of  high  :  and  high-energy  (HZE  parti¬ 
cles).  For  the  mo  part,  research  on  the  effects  of  HZE 
particles  on  biological  systems  has  focused  on  radiation-in¬ 
duced  changes  in  rapidly  replicating  cells,  including  chro¬ 
mosomal  aberrations  and  cell  inactivation  (1-3).  Using 
the.se  end  points,  this  research  has  shown  that  the  relative 
biological  effectiveness  (RBE)  of  different  HZE  particles  is 
related  to  the  linear  energy  transfer  (LET)  of  the  particle.  In 
general,  as  the  LET  of  the  particle  increases  up  to  a  range  of 
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~  100-200  keV/ftm,  there  is  a  concomitant  increase  in 
RBE  (3-5). 

In  contrast,  relatively  little  research  has  been  performed 
on  th  ■  effects  of  exposure  to  HZE  particles  on  behavior,  in 
part  because  the  neurons  upon  which  behavior  depends  are 
postmitotic  and  it  has  been  generally  assumed  that,  as  a 
result,  they  would  not  show  radiation-induced  changes  in 
functioning.  General  estimates  of  the  behavioral  toxicity  of 
HZE  particles  and  the  implications  of  such  exposures  for 
mission  failure  for  long-term  travel  outside  the  Earth’s  mag¬ 
netic  field  are  not,  for  the  most  part,  based  on  research 
models  using  exposure  to  the  relevant  types  of  radiation 
and  behavioral  end  points  (6).  Research  with  low-LET  radi¬ 
ation  (7  rays  or  high-energy  electrons)  has  shown  that  only 
high  doses  (>4-100  Gy)  produce  significant  decrements  in 
behavior  and  performance  (7,  8).  Because  it  is  unlikely  that 
astronauts  would  be  exposed  to  such  high  doses  during  a 
mission  (9.  10),  these  performance  decrements  may  not  be 
relevant  to  the  ability  of  astronauts  to  complete  their  as¬ 
signed  missions  successfully. 

However,  recent  research  suggests  that  the  nature  of  the 
behavioral  task  and  the  type  of  radiation  combine  to  deter¬ 
mine  the  effects  of  exposure  on  behavior  (11-17).  This  re- 
sea'-'-h  indicates  that  high-LET  radiations,  such  as  HZE 
parucles,  are  capable  of  producing  severe  disruptions  of 
brain  neurochemistry  and  behavior  at  significantly  lower 
doses  than  lower-LET  radiations.  Using  the  conditioned 
taste  aversion  (CTA)  paradigm,  Rabin  et  al.  (16)  reported 
that  the  behavioral  toxicity  of  600  MeV/amu  iron  particles 
(’*Fe)  was  significantly  greater  than  that  of  fission-spectrum 
neutrons,  high-energy  electrons,  or  7  rays  (“Co).  The  CTA, 
which  measures  the  avoidance  of  a  normally  preferred  food 
that  has  been  associated  with  toxic  consequences  to  the  or¬ 
ganism,  is  functionally  related  to  emesis  because  both  re¬ 
sponses  limit  the  intake  and/or  absorption  of  toxic  sub¬ 
stances  (IS,  19).  As  such,  the  CTA  is  a  standard  behavioral 
paradigm  for  evaluating  the  toxicity  of  a  wide  range  of  stim¬ 
uli  (20). 

Related  research  (14,  17)  has  shown  changes  in  dopami¬ 
nergic  function  in  the  central  nervous  system  and  in  corre- 
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lated  motor  behavior  of  rats  following  exposure  to  doses  of 
^*Fe  particles  as  low  as  10  cGy.  Similarly,  the  destruction  of 
neurons  in  the  hippocampus  and  a  related  reduction  in  the 
speed  of  maze  running  following  exposure  to  50  cGy  of  ^'’Fc 
particles  have  been  reported  by  Philpott  and  Miquel  (//). 

Because  the  RBE/LET  relationship  is  the  .same  for  a  vari¬ 
ety  of  biological  end  points,  including  chromosomal 
aberrations  and  cell  inactivation  (1-3).  ana  because  the  ef¬ 
fectiveness  with  wiiich  dilferent  types  of  radiation  produce 
a  CTA  appears  to  be  parallel  to  their  LET,  Rabin  ei  at.  (16) 
proposed  that  LET  was  one  of  the  primary  factors  deter¬ 
mining  the  behavioral  toxicity  of  different  types  of  radia¬ 
tion.  although  the  mechanisms  by  which  radiation  may  af¬ 
fect  behavior  are  not  well  understood.  Thus  LET  might 
provide  a  basis  for  predicting  the  behavioral  toxicity,  as  well 
as  the  biological  effectiveness,  of  exposure  to  heavy  parti¬ 
cles.  As  such,  dose  and  LET  might  provide  a  basis  for  esti¬ 
mating  the  probability  of  radiation-induced  performance 
decrements  from  exposure  to  these  particles  during  long¬ 
term  missions  in  space  and  the  resulting  potential  for  mis¬ 
sion  failure. 

The  present  experiments  were  designed  to  evaluate  fur¬ 
ther  the  relationship  between  LET  and  behavioral  toxicity 
by  studying  I'  acquisition  of  a  CTA  following  exposure  to 
different  types  of  radiation  of  var>'ing  LET. 

METHODS 

The  subjects  were  male  Cil.CD  BR  VAE/IMus  rats  (Ratni.'i 
wnck  oil)  v.etghing  22,S-25()  g  at  the  start  ol  the  experiment.  The  rats 
w'.ri.  inr  ita.ncd  in  '  ALAC-accredited  animal  facilities  at  Uiwieiicc 
Perkeu  Labomio-\  (I.B'  land  i’'cokhaven  National  Laboratory ( BN L). 
A  commercial  redem  chov  /.a!  intuiually  available  and  water  was  avail¬ 
able  except  as  required  by  tiie  e.xperimemal  protocol.  Animal  holding 
rooms  were  maintained  at  21  ±  i’C.  fhe  rats  were  maintained  on  a  12-h 
lighiidark  cscle 

Pn»  .•tilin'  The  behavioral  procedures  have  'oeen  detailed  in  previous 
reports  (/.?.  21)  Bnelly,  rats  were  adapted  to  a  water  deprivation  schedule 
for  5-7  da\s.  during  which  they  received  water  for  30  mir,  each  day  On  the 
conditioning  day,  the  ra's  were  transported  to  the  radiation  .*acihty  wheic 
they  were  given  access  to  a  single  calibrated  unnking  tube  containing  a  10% 
sucrose  solution  in  place  of  the  water  bottle  for  30  min,  and  their  intake 
was  recorded.  Immediately  following  the  drinking  period,  die  experimen¬ 
tal  animals  were  irradiated  with  one  of  the  four  types  of  radiation.  To 
provide  a  control  for  the  handling  required  to  bnng  the  animals  to  the 
va.ious  radiation  sources,  the  control  animals  were  also  taken  to  the 
source,  but  they  were  not  irradiated.  On  the  test  day,  24  h  later,  the  rats 
were  again  presented  with  the  '.'ingle  drinking  lube  containing  the  10% 
sucrose  solution,  and  their  intake  was  measured. 

Statistical  analyses  of  the  data  were  done  us.ng  analysis  of  variance  fol¬ 
lowed  by  orthogonal  compansons  (22)  for  the  1 IZE  particles  and  by  regres¬ 
sion  analysis  (luu.)r  and  log)  for  the  protons. 

Radiation  and  dosimetry  Irradiation  with  heavy  particles  was  done 
using  the  BEVALAC  at  LBl,  Groups  of  rats  (/;  =  7-10)  were  exposed  to 
doses  of  20-500  cOv  oi  v  particles  at  energies  in  the  plateau  region  of 
the  Biagg  curve  Do,  lak  ranged  between  20  and  200  cGy/min.  The 
particles  to  which  the  rats  were  exposed  were;  neon  (^®Ne,  522  MeV/amu, 


0  20  30  50  100  200  500 
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FIG.  I.  Test-day  sucrose  intake  (ml)  following  exposure  to  varying 
doses  of  h-  lum  (*He).  argon  (*"Ar).  or  neon  (^°Nc)  particles.  Error  bars 
indicate  tiic  standard  error  of  the  mean. 


LET  =  ~28.0  keV/pm).  argon  (“Ar.  670  MeV/amu.  LET  -  -85  keV/ 
)mi).and  helium  ('‘He.  165  MeV/amu.  LET  --  ~2.0  keV/um).  Dosimetry 
was  provided  by  the  stalf  of  the  BEVALAC  ‘acility  using  parallel-plate 
loniration  chambers  with  Mylar  windows  and  nitrogen  gas  flow  positioned 
in  the  beam  line  (23,  24 ) 

Irradiation  with  protons  (155  McV.  LE  T  -  ~-()..30  keV/jim)  was  i>er- 
formed  using  the  linear  accelertitor  at  BNL.  Indivdual  rats  were  exposed  to 
single  doses  of  protons  varying  between  9  and  468  cGy.  Dosimetry  was 
provided  by  the  stall'  of  the  facility  using  standard  procedures.'*  Briefly, 
aiuminuiii  foils  were  attached  to  the  restraining  tubes  in  which  the  rats 
were  exposed  Following  exposure,  dose  was  calculated  by  counting  the 
foils  III  a  germanium  detector  for  100  s 

RESULTS 

The  effects  of  exposure  to  HZE  particles  on  the  acquisi¬ 
tion  of  a  CTA  are  summarized  in  Fig.  I ,  which  presents 
actual  test-day  sucrose  intake,  and  in  Fig.  2,  which  presents 
test-day  sucrose  intake  as  the  percentage  of  conditioning- 
day  intake.  Both  figures  show  that  exposure  to  the  three 
particles  produced  similar  dose-dependent  reductions  in  su¬ 
crose  intake. 

An  analysis  of  variance  performed  using  the  three  do.ses 
(50, 100,  and  200  cGy)  that  were  common  to  the  three  HZE 
particles  confirmed  that  increasing  the  dose  caused  a  signifi¬ 
cant  increase  in  the  intensity  of  the  CTA  (F(2,  80)  =  3 1 .72, 
P  <  0.001),  Although  the  analysis  of  variance  showed  that 
there  were  significant  differences  between  the  responses  to 
the  three  HZE  panicles  (I"(2, 80)  =  4.78,  P  <  0.05),  post  hoc 
tests  using  orthogonal  comparisons  (22)  indicated  that  the 
only  individual  comparison  that  was  significant  was  be- 

*  S.  Nimnual,  Foil  activation  dosimetry.  Brookhaven  National  Labora¬ 
tory  Technical  Note  No.  84,  BNL/NPB-89-2 1 . 
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iwcen  the  ''He  and  *“Nc  particles  at  the  50-cGy  dose  (/-'(I. 
80)  •-  12.51.  P  <  0.05).  In  addition,  the  dose-by-particle 
interaction  80)  =  1.40,  P  >  0.05)  was  not  significani. 
indicating  that  the  same  dose-response  relationship  was 
obtained  following  exposure  to  each  particle. 

The  elfect  of  proton  irradiation  on  the  acquisition  of  a 
CT A  is  shown  in  Fig.  3.  Because  the  doses  to  which  the  rats 
were  exposed  were  not  grouped,  these  data  are  presented  as 
a  scatter  diagram  with  the  best-fit  regression  line  shown.  In 
contrast  to  a  linear  regression,  which  accounted  for  only 
62^"^  of  the  variance,  the  logarithmic  regression  shown  in 
Fig.  3  accounted  for  80'^f  of  the  variance.  These  data  indi¬ 
cate  a  nonlinear  relationship  between  test-day  sucrose  in¬ 
take  and  increasing  doses  of  proton  radiation,  similar  to 
that  seen  with  the  other  types  of  radiation.  The  increase  in 
sucrose  intake  seen  in  the  rats  exposed  to  doses  of  protons 
lower  than  30  cGy  represents  the  recovery  from  the  species- 


FIG.  3.  Scatter  diagram  presenting  test-day  sucrose  intake  as  the  per¬ 
centage  of  conditioning-day  intake  for  individual  animals  following  expo¬ 
sure  to  protons  (p).  The  regression  line  was  calculated  using  the  formula  c 
"  236.0  +  (  35.7)  (In(.v)),  which  accounted  for  80%  of  the  variance. 
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FIG.  4.  The  dose  of  radiation  that  produced  a  50%  reduction  m  test- 
da\  sucrose  intake  (I'Dj,,.  filled  circles)  as  a  function  of  the  radiation  LL'f . 
■|he  data  for  electrons  (c~).  y  photons  ('^Co).  fission  neutrons  (n”).  and 
iron  panicles  (’''Fe)  have  liecn  calculated  from  Ref.  {16).  Other  abbrevia¬ 
tions  as  111  Figs  I  and  3. 1-.rror  bars  give  the  95%  confidence  limits. 


typical  neophobic  response  of  rats  to  the  novel  sucrose-con¬ 
ditioned  stimulus  observed  on  the  eonditioning  day  (25). 

DISCUSSION 

Overall,  the  present  result  show  that  exposure  to  heavy 
particles  and  to  protons  produces  a  nonlinear  dose-depen¬ 
dent  CTA,  such  that  increasing  the  radiation  dose  produces 
corresponding  increases  in  the  avoidance  of  the  normally 
preferred  sucro.se  solution.  As  such,  the  present  results  are 
consistent  with  the  results  obtained  using  other  types  of 
radiation  and  chemical  toxins  (15,  16,  19).  In  contrast  to 
the  results  of  these  previous  experiments  on  behavioral  tox¬ 
icity,  however,  the  present  results  do  not  indicate  a  consis¬ 
tent  relationship  between  increases  in  the  LET  of  the  radia¬ 
tion  and  corresponding  increases  in  behavioral  toxicity. 

The  relationship  between  the  behavioral  toxicity  of  a 
given  radiation  (defined  in  terms  of  the  dose  that  produces  a 
50%  reduction,  EDjo,  in  test-day  sucrose  intake  compared 
to  conditioning-day  intake)  and  LET  is  illustrated  in  Fig.  4. 
The  EDjoS  for  exposure  to  fission-spectrum  neutrons  (n“). 
iron  particles  (^^Fe,  600  MeV/amu),  y  rays  (^®Co),  and 
high-energy  electrons  (e-,  18.5  MeV)  were  obtained  ' 
previous  experiments  (76)  which  used  identical  procedui. 
Additional  groups  of  animals  were  exposed  to  *®Co  photons 
and  high-energy  electrons  to  allow  a  more  precise  calcula¬ 
tion  of  the  ED50.  Figure  4  indicates  that  an  increase  in  the 
LET  of  the  radiation  does  not  reliably  result  in  correspond¬ 
ing  increases  in  the  behavioral  toxicity  of  the  stimulus. 

As  indicated  in  Table  I,  these  types  of  radiation  can  be 
placed  into  three  groups  representing  increasing  levels  of 
behavioral  toxicity  which  show  no  overlap  in  their  95% 
confidence  intervals.  In  the  first  group  are  high-energy  elec- 
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TABLE  I 

Relative  Behavioral  Effectiveness  (ED*,) 
of  Different  Radiations 


95%  Confidence 
limits  (cGy) 


Radiation 

EDjo  (cGy) 

Lower 

Upper 

Group  !•' 

’He 

121 

95 

168 

Proton 

105 

85 

134 

“Ar 

98 

79 

129 

Electron 

95 

79 

116 

“Co 

94 

82 

109 

-‘’Ne 

88 

65 

117 

Group  2 

Neutron 

47 

.37 

61 

Group  3 

’"Fe 

21 

19 

23 

•'Groups  defined  by  overlapping  95%  confidence  intervals 


trons,  7  rays,  protons,  and  '’He,  ‘“Ne,  and  '“’Ar  particles. 
These  types  of  radiation  have  LET  values  ranging  from 
—0.2  keV/^m  for  y  rays  and  high-energy  electrons  to  —85 
keV/^tm  for'*“Ar.  Although  there  is  some  apparent  variabil¬ 
ity  in  their  calculated  ED^qS.  there  is  considerable  overlap  in 
their  95%  confidence  intervals.  This  observation  suggests 
that  behavioral  toxicity  is  independent  of  LET  over  this 
LET  range. 

In  the  second  group  are  fission-spectrum  neutrons,  which 
have  an  EDjo  of  47  cGy  and  for  which  the  95%  confidence 
limits  (37/61  cGy)  show  no  overlap  with  the  other  types  of 
radiation  tested.  The  high  behavioral  toxicity  of  neutrons 
does  not  appear  to  be  related  directly  to  its  LET  because  the 
LET  of  fission-spectrum  neutrons  (—70  keV//<m)  is  lower 
than  that  of  the  less  behaviorally  toxic  '‘°Ar  (— 85  keV//im). 

The  most  behaviorally  toxic  type  of  radiation  is  ’*Fe, 
which  has  a  calculated  EDjo  of  2 1  cGy.  The  95%  confidence 
limits  (19/23  cGy)  do  not  overlap  those  of  neutrons,  sug¬ 
gesting  thui  the  behavioral  toxicity  of  these  particles  is  signif¬ 
icantly  greater  than  thit  of  the  other  types  of  radiation 
tested.  This  observation  is  consistent  with  results  reported 
previously  (/5,  76). 

The  overall  pattern  of  the  results  presented  in  Fig.  4  is  not 
consistent  with  the  hypothesis  that  LET  is  the  principal 
factor  determining  the  behavioral  toxicity  of  a  given  type  of 
radiation,  particularly  in  the  lower  LET  ranges  (<100  keV/ 
^m).  This  interpretation  is  supported  by  the  observation 
that  the  relati’  ely  large  changes  in  LET  between  high-en¬ 
ergy  electrons  and  '*°Ar  (an  increase  by  a  factor  of  1000)  are 
not  paralleled  by  equivalent  changes  in  behavioral  toxicity 
as  measured  by  the  ED50  for  CTA  learning.  In  contrast,  the 
relatively  small  change  in  LET  between  “'’Ar  and  ’*Fe  is 


associated  with  a  significant  decrease  in  the  ED50.  Also  con¬ 
sistent  with  this  interpretation  is  the  observation  that  the 
behavioral  toxicity  of  fission-spectrum  neutrons  is  signifi¬ 
cantly  greater  than  that  of  ■*°Ar,  despite  the  fact  that  the 
LET  of  fission  neutrons  (—70  keV//im)  is  less  than  that  of 
■’®Ar(-85  keV//im). 

It  is  not  certain  what  factors  are  responsible  for  the  rela¬ 
tively  extreme  behavioral  toxicity  of  **Fe  ions  in  contrast  to 
the  other  radiations  tested.  This  increase  in  the  behavioral 
toxicity  of  ^^Fe  particles  may  be  related  to  the  fact  that  only 
this  particle  (LET  =  — 190  keV/znm)  has  an  LET  greater 
than  1 00  kcV//im.  Research  using  a  variety  of  difterent  bio¬ 
logical  end  points,  including  cell  inactivations  and  DNA 
strand  breaks,  suggests  that  there  may  be  a  rapidly  develop¬ 
ing  peak  in  the  RBE/LET  relationship  for  particles  that 
have  an  LET  in  the  range  of  100-200  1  (I,  3,  4).  If 

the  relationship  between  LET  and  I's:*..  'doral  toxicity  fol¬ 
lows  a  pattern  similar  to  that  observe-.’  u.ing  other  biologi¬ 
cal  end  points,  this  might  account  for  the  extreme  behav¬ 
ioral  toxicity  of  ^*Fe  particles  compared  with  the  other  HZE 
particles  tested.  It  may  be  that  the  specific  behavioral  end 
p-jint  used  in  the  present  experiments,  the  CTA,  shows  a 
pattern  similar  to  that  seen  with  these  other  biological  end 
points,  such  that  there  is  little  change  in  relative  effective¬ 
ness  at  the  lower  LET  values  (<100  keV/^im)  followed  by  a 
rapid  increase  in  behavioral  toxicity  as  the  LET  approaches 
this  critical  range.  However,  additional  research  using  other 
HZE  particles  with  LETs  in  the  range  greater  than  1 00  keV/ 
fim  will  be  necessary  to  evaluate  this  hypothesis  properly. 

The  results  following  exposure  to  fission-spectrum  neu¬ 
trons  indicate  that  this  radiation  has  a  behavioral  toxicity 
measured  by  the  CTA  in  rats  that  is  greater  than  expected 
based  on  its  LET  (—70  keV/^um),  In  anotherstudy  ofbehav- 
ioral  toxicity,  Rabin  et  al.  (unpublished  results)  obtained 
similar  results  using  emesis  in  ferrets  as  the  behavioral  end 
point.  In  that  experiment,  no  difference  was  observed  !n  the 
EDjo  for  emesis  (defined  as  the  radiation  dose  that  pro¬ 
duced  vomiting  in  50%  of  the  animals)  following  exposure 
of  ferrets  to  either  fission  neutron-s  or  ^®Fe  particles.  The 
relative  effectiveness  of  both  of  these  particles  was,  in  turn, 
significantly  greater  than  that  of  7  rays  or  high-energy  elec¬ 
trons. 

Similar  results  have  been  reported  using  different  biologi¬ 
cal  end  points.  For  example,  using  life  shortening  in  mice  as 
the  biological  end  point,  Ainsworth  (1)  reported  that  the 
number  of  days  lost  following  irradiation  was  significantly 
greater  in  mice  exposed  to  a  single  dose  of  fission-spectrum 
neutrons  than  to  ^®Fe,  ^°Ne,  or  ‘'®Ar  particles.  The  factors 
that  may  be  responsible  for  the  relatively  high  effectiveness 
of  fission  neutrons  using  these  end  points  are  not  certain. 
However,  with  these  specific  behavioral  and  biological  end 
points,  LET  is  not  predictive  of  the  RBE  of  neutrons  in 
comparison  to  other  types  of  radiation. 
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In  contrast,  the  relative  behavioral  effectiveness  of  neu¬ 
tron  irradiation  measured  using  performance  on  the  accel- 
erod,  a  motor  task,  is  significantly  lower  than  that  of  high- 
energy  electrons  (5).  This  finding  suggests  that  the  relative 
behavioral  effectiveness  of  exposure  to  fission-spectrum 
neutrons  is  specific  to  the  particular  behavioral  or  biologi¬ 
cal  end  point. 

The  present  results,  combined  with  the  results  of  experi¬ 
ments  published  previously  {15. 16),  suggest  that  there  is  no 
consistent  relationship  between  the  behavioral  toxicity  of  a 
radiation,  measured  by  the  CTA  procedure,  and  the  LET  of 
the  radiation,  at  least  for  those  radiations  with  an  LET 
lower  than  ~100  keV/z^m.  For  the  most  part,  increasing 
LET  within  this  rcinge  is  not  associated  with  parallel  in¬ 
creases  in  the  behavioral  toxicity  of  the  radiation.  Within 
this  range  of  LET  values,  fission-spectrum  neutrons  are  the 
most  behaviorally  toxic  radiation,  with  an  EDjq  for  CTA 
learning  that  is  significantly  lower  than  would  be  expected 
based  upon  its  LET  (~70  keV//im).  Of  the  various  types  of 
radiation  tested  in  this  series  of  experiments,  the  HZE  parti¬ 
cle  ^^Fe  has  the  greatest  effect  on  behavior,  with  an  EDjo  for 
the  acquisition  of  a  CTA  that  is  significantly  lower  than  that 
for  any  other  type  of  radiation  tested.  However,  the  present 
results  do  not  allow  a  determination  of  whether  the  marked 
effect  of  ^^Fe  particles  on  behavior  is  due  to  its  LET  (~  190 
keV/f<m)  or  to  some  other  characteristic  of  this  particular 
HZE  particle. 

Overall,  the  results  of  these  experiments  indicate  that 
HZE  particles  and  protons  are  toxic  stimuli  which  have  the 
potential  to  affect  the  behavior  of  the  organism.  While  the 
eflect  of  different  particles  on  behavior,  as  measured  by  the 
CTA  paradigm,  varies  in  severity,  there  is  the  possibility 
that  the  toxicological  consequences  of  exposure  may  pro¬ 
duce  effects,  such  as  nausea  and  emesis  {19).  which  could 
affect  the  ability  of  astronauts  to  complete  mission  require- 
successfully.  However,  research  using  a  variety  of 
behavioral  end  points  is  needed  to  determine  the  range  of 
behaviors  that  may  be  affected  by  exposure  to  HZE  parti¬ 
cles.  In  addition,  a  better  understanding  of  the  potential 
effects  of  exposure  to  different  typ«s  of  radiation  on  behav¬ 
ior  will  require  additional  research  designed  to  identify  the 
specific  mechanisms  by  which  exposure  to  HZE  particles  of 
varying  LET  can  affect  behavior. 
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Synthetic  Trehalose  Dicorynomycolate  (S-TDCM)  Increases 
Hematopoietic  Cell  Proliferation  in  Fission 
Neutron  (n/g=  1)  Irradiated  Mice 


Synthetic  trehalose  dicorynomy¬ 
colate  (S-TDCM),  an  experimental 
immunomodulator,  is  useful  for 
treating  radiation  injuries.  In 
gamma-photon  (7)  irradiated  mice 
S-TDCM  increases  survival, 
enhances  hematopoiesis, 
increases  nonspecific  resistance  to 
acquired  and  induced  bacterial 
infections,  and  augments  mac¬ 
rophage  activity.  S-TDCM  also 
increases  survival  in  neutron  (n) 
irradiated  mice,  a  radiation  that  pro¬ 
duces  more  damage  in  radiosen¬ 
sitive  tissues  than  does  an  equal 
dose  of  7  photons.  In  the  current 
study,  we  determined  if  S-TDCM 
would  enhance  hematopoiesis  in 
B6D2F1  female  mice  when  given  24 
h  before  or  1  h  after  irradiation  with 
simultaneously  produced,  equal 
mixtures  of  n  and  7  (n/7  =  1)  radia¬ 
tion.  Endogenous  spleen  colonies, 
a  measure  of  hematopoiesis,  were 
found  10  days  and  12  days  after 
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mixed  field  radiation  doses  (0/7  =  1) 
ranging  from  3.5  Gy  to  about  5.0  Gy. 
S-TDCM  given  before  or  after  n/7  =  1 
irradiation  increased  10-day  endo¬ 
genous  spleen  colony  formation 
over  a  3.5  Gy  to  5.75  Gy  range  of 
doses.  Histologic  evaluation  of  the 
nodules  formed  after  S-TDCM  treat¬ 
ment  of  3.5  Gy  irradiated  mice 
revealed  the  full  range  of  hema¬ 
topoietic  cell  types  (myelocytic, 
megakaryocytic,  and  erythrocytic) 
necessary  to  maintain  home¬ 
ostasis.  These  data,  and  those 
reported  elsewhere  for  mixed  field 
irradiated  mice  infected  with  bacte¬ 
ria,  suggest  that  S-TDCM  may  be 
useful  for  treating  nuclear  radiation 
casualties.  (JMMLS  1990;19: 
208-213) 

Introduction 

The  Military  Field  Medical  Systems 
Standardization  Steering  Group 
(MFMSSSG),  established  by  Department 
of  Defense  (DOD)  Instruction  64301.1, 
entitled  Deployable  Medical  Systems," 
tasked  the  DOD  Military  Blood  F*rogram 
Office  to  analyze  and  develop  a  blood  pro¬ 
gram  to  sustain  the  Armed  Forces  cur¬ 
rently,  and  in  future  battlefield  situations. 
As  a  result,  .Military  Blood  Program  2004 
was  initiated. '  The  2004  program,  in  addi¬ 
tion  to  cryopreservaticn  and  storage  of 
blood  products,  provides  specific  research 
initiatives  and  priorities  to  include  treat¬ 
ment  of  radiation  injury.  Treatment 
modalities  for  radiation  casualties  at  each 
echelon  of  casualty  care  are  to  be 
developed.  Further,  these  treatments 
should  enhance  capabilities  of  the  immune 
system.  Thus,  research  protocols  were 
requested  to  develop  imm.unomodulators 
and  cellular  growth  factors  to  enhance  the 
hematopoietic  system. 

It  is  our  goal  in  this  study  to  evaluate  a 
nontoxic  agent  capable  of  enhancing  the 
hematopoietic  system  in  normal  and  irra¬ 
diated  animals  and  man.  It  is  hypothesized 
that  immunomodulators  injected  into  ani- 


ARMEO  FORCES  RADIOBIOLOGY 
RESEARCH  INSTITUTE 
SCIENTIFIC  REPORT 

SR91-53 


mals  enhance  hematopoietic  cells  with 
proliferative  potential.  Such  agents  may 
provide  possible  treatment  modalities  for 
mass  casualty  management  of  radiation 
victims.  Currently,  work  at  the  Armed 
Forces  Radiobiology  Research  Institute 
(AFRRI),  a  DOD  laboratory,  is  being  done 
with  a  nontoxic  substance  identified  as 
synthetic  trehalose  dicorynomycolate  (S- 
TDCM).  S-TDCM  is  a  synthetic  derivative 
of  trehalose  dimycolate  (TDM),  which  is  a 
cell  wall  glycolipid  produced  by  Mycobac¬ 
terium,  Nocardia,  and  Corynebacterium. 
S-TDCM  is  a  6,6-diester  of  a,a,-D- 
trehalose  and  is  an  active  component  of 
Freund’s  complete  adjuvant. TDM  pos¬ 
sesses  beneficial  properties  which  include 
the  enhancement  of  resistance  to  bacterial 
and  parasitic  infections,'*-'^  the  activation 
of  macrophage  activity,*  and  the  produc¬ 
tion  of  important  mediators,  such  r  inter¬ 
leukin- 1.®  TDM  enhances  recovery  from 
radiation  injury  by  stimulating  pha¬ 
gocytosis  of  bacteria  by  macrophages.'® 
Further,  in  the  U.S.  naval  research  labora¬ 
tories,  trehalose  is  used  as  a  cryopreser- 
vative  for  blood  and  blood  substitutes," 
because  it  stabilizes  membranes  during 
dehydration  and  freeze-drying.  Trehalose, 
a  nonreducing  disaccharide  of  glucose,  is 
found  at  high  concentrations  in  many 
organisms  capable  of  surviving  dehydra¬ 
tion. 

In  this  study,  we  evaluated  S-TDCM  in 
mice  given  equal  proportions  of  neutron 
and  gamma  radiation.  Treatments  for  thi*- 
type  of  radiation  injury  are  of  interest  to 
military  medical  planners.  The  radiation 
doses  used  are  known  to  cause  injury  to 
rapidly  dividing  cells  in  the  bone  marrow 
of  mice,  and  if  the  dose  is  high  enough,  the 
animals  die.  We  found  that  S-TDCM  treat¬ 
ments  of  irradiated  mice  increased  the 
number  of  endogenous  colony-forming 
units  formed  in  the  spleen  (E-CFU-s)  and 
splenic  weights,  both  measures  of  hema¬ 
topoietic  cell  proliferation. 

Materials  and  Methods 

Mice.  Jax:B6D2Fl  female  mi^e,  12-15 
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weeks  of  age  (20-25  g),  were  quarantined 
on  arrival  and  screened  for  evidence  of 
disease  before  being  released  for  experi¬ 
mentation.  They  were  maintained  in  an 
AAALAC-accredited  facility  in  plastic 
micro-isolator  cages  containing  auto¬ 
claved  hardwood  chip,  contact  bedding. 
Mice  were  provided  commercial  rodent 
chow  and  acidified  tap  water  (pH  2.5  with 
concentrated  HCL)  ad  libitum.  Animal 
rooms  were  maintained  at  70°F  ±  2°F  with 
50%  ±  10%  relative  humidity,  using  at 
least  10  air  changes  per  hour  of  100% 
conditioned  fresh  air.  The  mice  were  on  a 
12-h  light/dark  full  spectrum  lighting 
cycle  with  no  twilight.  All  research  was 
conducted  in  accordance  with  National 
Institutes  of  Health  and  Institutional  Ani¬ 
mal  Care  and  Use  Committee  guidelines 
for  the  care  and  use  of  laboratory  animals. 

Radiation.  The  techniques  and  dosime¬ 
try  of  exposing  mice  to  mixed  radiation 
fields  produced  by  the  AFRRI  TRIGA 
reactor  were  previously  described.'^  All 
radiation  doses  reported  in  this  paper  are 
midline  tissue  doses  as  measured  using 
ionization  chambers. In  the  present 
study,  to  achieve  a  neutron-to-gamma-ray 
doseratioof  I:I  (n/y  =  1)  at  midline  in  the 
animals  the  experimental  array  was  cen¬ 
tered  at  255  cm  from  the  tank  wall  and  120 
cm  above  the  floor  with  a  15. 2 -cm  lead 
shield  placed  in  front  of  the  reactor  tank 
wall.  The  whole-body  irradiations  were 
delivered  at  a  midline  tissue  dose  rate  of 
0.4  Gy/min  within  the  source  field.  Mice 
were  irradiated  individually  in  well-venti¬ 
lated  special  low-alloy  6061  aluminum 
restraining  tubes  that  rotated  at  1 .5  rpm. 
Groups  of  20  mice  were  given  one  of  five 
doses  of  radiation:  3.5,  4.0.  4.5,  4.75, 
5.25,  5.75  Gy.  The  neutron  to  gamma  ray 
dose  ratio  was  chosen  as  representative  of 
conditions  which  might  prevail  during  a 
nuclear  weapon  detonation. 

Immunomodulaton.  S-TDCM,  a  prod¬ 
uct  containing  corynomycolic  acid  and 
trehalose,  was  produced  by  Ribi  Immu- 
noChem  Research,  Inc.  (Hamilton,  MT). 
S-TDCM  was  prepared  in  0.2%  Tween  80- 
saline  (TS)  as  previously  described.^  Con¬ 
trols  for  these  preparations  were  0.2%  TS. 
Groups  of  mice  received  0.5  ml  or  S- 
TDCM  intraperitoneally  (i.p.).  Treatments 
were  either  with  100  mg  or  400  mg  S- 
TDCM  for  protection  and  therapy  studies, 
respectively.  These  doses  were  chosen 
because  they  increase  survival  of  mixed 
field  irradiated  mice  from  acquired  and 
induced  bacterial  infections.  Treatment 
with  either  100  (xg  or  400  p.g  S-TDCM 
against  an  LDgg/jo  radiation  dose  (5.6Gy) 
resulted  in  80%  to  90%  survival. 

E-CFU-s  Assay.  In  two  experiments,  E- 


CFU-s  were  evaluated  by  the  method  of 
Till  and  McCulloch. The  quantitative 
nature  of  this  assay  depends  on  controlling 
the  variable  of  radiation  dose,  experimen¬ 
tal  treatment,  and  time  interval  for  spleen 
harresting.  The  control  of  these  factors 
allows  surviving  proliferative  cells  to  form 
discrete  countable  nodules  in  the  spleen.  In 
the  first  experiment,  B6D2F1  mice  were 
exposed  to  radiation  doses  ranging 
between  3.5  to  5.25  Gy  in  25  cGy  incre¬ 
ments  to  find  the  dose  which  caused  partial 
ablation  of  endogenous  hematopoietic 
cells  with  proliferative  potential.  Eight, 
ten,  and  twelve  days  following  irradiation, 
groups  of  mice  were  euthanized  by  cer¬ 
vical  dislocation,  their  spleens  removed, 
fixed  in  Bouin’s  solution,  and  the  number 
of  grossly  visible  spleen  colonies  counted. 

The  second  experiment  was  performed 
as  follows.  Groups  of  mice  were  treated 
with  S-TDCM  either  24  hrs  before  (protec¬ 
tion)  irradiation  or  1  hr  after  (therapy)  irra¬ 
diation  with  doses  ranging  from  3.5  to 
5.75  Gy  in  either  25  or  50  cGy  increments. 
Spleen  colonies  were  counted  10  days 
later.  All  E-CFU-s  data  were  tested  for 
statistical  significance  by  the  analyses  of 
variance. 

Histology  of  Endogenous  Spleen  Colo¬ 
nies.  The  spleens  from  the  experiments 
described  above  were  processed  for  histo¬ 
logy  using  standard  techniques.  A  single, 
mid-sagittal  section  from  each  spleen  was 


•Stained  with  hematoxylin  and  eosin.  Histo¬ 
logic  evaluation  of  colony  numbers  and 
cell  types  v'cre  performed  by  a  veterinary 
pathologist.  Colonies  were  classified 
either  as:  erythrocytic,  myelocytic,  mega- 
karyocytic,  or  of  mixed  cel!  types.  Spleens 
from  normal  unirradiated  mice  treated  with 
S-TDCM  or  0.2%  TS  were  also  evaluated. 

Results 

Stimulation  of  Splenic  Colonies.  In 
order  to  choose  an  optimal  radiation  dose 
and  an  optimal  time  for  evaluating  hema¬ 
topoietic  recovery  after  S-TDCM  treat¬ 
ment,  mice  were  given  graded  doses  of 
mixed  field  radiation  and  their  spleens 
removed  8,  10,  and  12  days  later.  The 
spleens  were  weighed  immediately,  fixed 
in  Bouin's  solution,  and  the  endogenous 
colonies  counted.  The  number  of  E-CFU-s 
on  day  12  decreased  as  the  radiation  dose 
increased  (Figure  1 ).  Spleens  removed  after 
10  days  had  colonies  only  at  3.5,  3.75,  and 
4.0  Gy.  Significant  colony  numbers  were 
not  detected  8  days  after  radiation,  thus 
obviating  use  of  this  time  for  further  E- 
CFU-s  studies. 

In  general,  splenic  weights  mirrored  the 
hematopoietic  recovery  measured  by  endo¬ 
genous  colony  formation  on  day  12.  On 
days  8  and  10.  spleen  weights  were  usefui 
as  indicators  of  hematopoietic  recovery 
only  at  3.5  and  3.75  Gy.  At  3.5  Gy,  splenic 


Figure  1.  E-CFU-s  of  B6D2F1  mice  8, 10,  and  12  days  after  n/y  =  1  irradia¬ 
tion.  Each  point  represents  the  mean  plus  or  minus  standard  error  of  10 
mice.  Values  at  350  -  425  cGy  for  day  12  are  different  from  days  8  and  10  at 
P<.01.  Values  at  450  and  475  cGy  for  day  12  are  different  from  days  8  and  10 
at  P<.05.  Values  at  350  -  400  cGy  for  day  10  differ  from  day  8  at  P<.05. 
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weight  and  spleen  colony  numbers  mim¬ 
icked  each  other  at  the  three  observation 
times  (Figure  2).  Thus,  we  found  sufficient 
hematopoietic  depletion  with  3.5  Gy  and 
hematopoietic  recovery  by  day  1 0  to  evalu¬ 
ate  S-TDCM  using  either  spleen  colony 
number  or  weight. 

Based  on  the  data  presented  in  Figures  1 
and  2,  we  evaluated  S-TDCM  in  mouse 
groups  treated  before  or  after  3.5  Gy  irra¬ 
diation.  The  spleens  were  harvested  10 
days  after  irradiation,  weighed,  and  the 
number  of  colonies  counted.  Only  the  E- 
CFU-s  data  are  presented  in  Figure  3. 
because  the  splenic  weights  reflected,  in  a 
qualitative  manner,  similar  hematopoietic 
stimulation.  I.P.  injection  with  100  p.g  S- 
TDCM  24  hrs  before  and  400  (ig  S-TDCM 
1  hr  after  irradiation  increased  the  number 
of  E-CFU-s  per  spleen  (P  <  .01).  Com¬ 
pared  to  control  treatments  with  TS,  a  two¬ 
fold  increase  in  E-CFU-s  was  noted  for 
mice  treated  with  S-TDCM  before  3.5  Gy 
mixed  field  radiation,  while  a  50% 
increase  was  found  for  mice  treated  after 
irradiation. 

Histology  of  Endogenous  Spleen  Colo¬ 
nies.  S-TDCM  treatments  of  all  irradiated 
mice  increased  the  number  of  E-CFU-s 
compared  to  control  treatments  as  deter¬ 
mined  histologically  by  SMS  a  board  cer- 
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Figure  2.  Splenic  weights  (LI — LI  land  E-CFU-s  (• — •)  8,  10,  and  12  days 
after  3.5  Gy  n/y  =  1.  Each  point  represents  the  mean  plus  or  minus  standard 
error  of  10  mice.  Values  for  day  12  E-CFU-s  or  splenic  weight  differ  from 
day  8  and  10  at  P<.01  values  for  E-CFU-s  day  10  are  significantly  different  at 
P<.05  from  day  8  values. 


tified  veterinary  pathologist  (Table  1). 
There  were  no  remarkable  differences  in 


spleen  colony  numbers  in  mice  treated 
with  S-TDCM  before  as  compared  to  after 
irradiation.  After  irradiation  with  5.75  Gy, 
colonies  were  detectable  histologically  but 
not  macroscopically. 

S-TDCM  treatments  before  or  after  irra¬ 
diation  stimulated  an  approximately  equal 
proportion  of  erythrocytic  and  myelocytic 
cell  colonies.  Irradiated  mice  given  S- 
TDCM  had  more  megakaryocytic  and 
myelocytic  cells  than  control-treated  mice. 
Representative  spleen  colonies,  depicting 
the  three  basic  histologic  types  formed 
after  S-TDCM  treaiments  are  presented  in 
Figure  4.  Mature  cells  derived  from  these 
series  are  important  in  helping  the  host 
combat  opportunistic  infection  subsequent 

350  400  450  475  525  575  to  irradiation.  TS  (0.2%)  stimulated  an 

increase  in  colony  numbers  in  mice  given 
Radiation  Dose  (cGy)  n/y=  1  3.5  Gy  compared  to  untreated  irradiated 

controls.  This  effect  was  eliminated  at  4.0 


Figure  3.  E-CFU-s  of  B6D2F1  mice  10  days  after  ny  =  1  irradiation  and  treat¬ 
ment  with  synthetic-trehalose  dicorynomycolate  (S-TDCM).  Groups  of  mice 
were  injected  i.p.  with  a  0.5  ml  volume  of  tween-80  saline  containing  100  ^g 
S-TDCM  24  h  before  (• — •)  or  400  pg  S-TDCM  1  hr.  after  (LI — LI )  irradiation. 
Control-treated  mice  received  i.p.  0.5  ml  of  tween-80  saline  (TS)  either 
before  (o — o)  or  1  hr  after  (LI — LI)  irradiation.  Values  for  S-TDCM  treated 
mice  given  350,  400  or  450  cGy  are  different  from  respective  controls  at 
P<.01.  Values  for  mice  treated  with  S-TDCM  24  hr  prior  to  475  cGy  were  dif¬ 
ferent  from  controls  at  P<.05.  Values  for  mice  treated  with  TS  at  350  cGy 
differ  from  each  other  at  P<.01. 


Gy. 

In  normal  mice,  discrete  spleen  colo¬ 
nies,  such  as  those  observed  after  irradia¬ 
tion.  were  not  found.  However,  S-TDCM 
treatments  of  normal  mice  increased 
activity  in  all  three  major  hematopoietic- 
cell  types.  Active  megakaryocytopoiesis 
was  a  consistent  finding.  The  hema¬ 
topoietic  activity  wa.s  similar  in  both  .S- 
TDCM  treatment  groups  of  normal  ., 
Splenic  hematopoietic  activity  was  .'.p.  -  , 
in  TS  and  normal  untreated  mice. 
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Table  1.  Endogenous  Colony  Forming  Units  Formed  in  the  Spleen  (E-CFU-s): 

Histologic  Number  and  Type  in  Mice  Treated  before  or  after  n/y=1  irradiation® 

PROTECTION  l-24hl 

THERAPY  h) 

DOSE 

Colony 

(rad) 

Cell  type*^ 

100  (ig  S-TDCM 

0.2%  TS 

NT 

400  jtg  S-TDCM 

0.2%  TS 

NT 

ERY 

6.5  ±0.7 

5.’  ±  0.9 

2.5  ±  0.8 

11.3  ±  0.9 

7.5  ±  1.2 

2  5  ±  0.2 

MY 

4.2  ±  o.e 

2.9  ±  0.4 

0.5  ±  0.2 

4.4  ±  0.4 

4.2  ±  0.7 

0.5  r  0.3 

3.5  Gy 

MEG 

1.5  ±0.3 

0.9  ±  0.2 

0.7  ±  0.3 

3.0  ±  0.6 

1.0  ±0.3 

0.7 -0.3 

MIX 

1.4  ±0.3 

0.2  ±0.1 

0.2  ±  0.1 

0.9  ±  0.2 

0.2  ±0.1 

0.2  ±  0.1 

TOTAL 

13.5  ±  1  OC 

9.6  ±  1.0 

3.8  ±  1.0 

19.6±  1.0C 

13.0  ±  1.7 

3.8  ±  1  0 

ERY 

3.6  ±0.8 

0.4  ±  0.2 

0.8  ±  0.3 

4.7±  1.0 

0.8  ±  0.3 

0.8  ±  0.3 

MY 

4.0  ±  0.6 

0.6  ±  0.2 

0.5  a:  0.2 

4.1  ±0.8 

2.0  ±0.4 

0.5  ±  0.2 

4.0  Gy 

MEG 

2.3  ±0.6 

0.7  ±0.1 

0.2  ±0.1 

1.9  ±0.5 

0 

0.2  ±0.1 

MIX 

0.4  ±0.2 

0.1  ±0.1 

0 

0.2  ±  0.1 

0 

0 

TOTAL 

10.2  ±1.SCl 

1.8  ±0.4 

1.5  ±  0.2 

10.9±2.0d 

2.8  ±0.5 

1.5  ±  1.0 

^  Data  for  histologic  determinations  of  number  and  type  of  E-CFU-s  for  4.75,  5.25,  and  5.75  Gy  are  not  presented. 
However,  at  these  doses,  E-CFU-s  were  detected  in  mice  treated  with  &-TDCM  either  24  h  before  (protection)  or  1  h 
after  (therapy)  irradiation.  Tween  saline  (TS)  treatments  resulted  in  limited  E-CFU-s  expression  (about  1  per  spleen) 
when  injected  prior  to  irradiation  and  no  colonies  when  injected  after  irradiation.  Irradiated  control  mice  which 
received  no  treatment  (NT)  either  had  no  E-CFU-s  or  averaged  less  than  0.5  E-CFU-s  per  spleen. 

E-CFU-s  colony  types  were  evaluated  either  as  erythrocytic  (ERY),  myelocytic  (MY),  megakaryocytic  (MEG),  or  a 
mixture  (MIX)  of  all  those  cell  types. 

^  All  S-TDCM,  0.2%  TS,  and  NT  values  were  significantly  different  from  each  other  (P  <  0.01)  as  determined  by 
analysis  of  variance.  Only  total  E-CFU-s  contents  were  evaluated  statistically. 

^  S-TDCM  values  were  significantly  (P  <  0.01)  from  appropriate  0.2%  TS  and  NT  control  values.  TS  and  NT  control 
values  were  not  different  from  each  other. 


Discussion 

In  our  study,  it  is  shown  for  the  first  time 
that  S-TDCM  increased  the  expression  of 
hematopoietic  cells  with  proliferative 
potential  in  mixed  field  irradiated  mice  as 
determined  by  both  the  microscopic  and 
macroscopic  endogenous  colony-forming 
unit  analyses,  and  splenic  weight  measure¬ 
ments.  The  increased  proliferative  poten¬ 
tial  may  be  critical  to  the  survival  of 
irradiated  animals.  Previous  studies  from 
our  laboratory  have  shown  that  y-photon 
irradiated  animals  respond  to  treatment 
with  various  TDM  formulations  by 
increased  hematopoiesis.'**  However,  no 
absolute  quantitative  correlation  existed 
between  the  number  of  colonies  produced 
and  the  incidence  of  survival.  We  also 
found  that  .S-TDCM  increased  nonspecific 
resistance  to  acquired  or  induced  bacterial 
infections  in  photon  and  mixed  neutron 
and  photon  irradiated  mice.  "*■''>  In  the  lat¬ 
ter  case,  TDM  in  conjunction  with  anti¬ 
biotics  provided  a  synergistic  therapeutic 
action  for  the  treatment  of  bacterial  infec¬ 


tion  over  that  obtained  after  treatment  with 
either  TDM  or  antibiotics  alone.  Important 
to  the  interpretation  of  our  data  is  the  fact 
that  endotoxin’’  and  interleukin- 1 are 
known  to  increase  the  number  of  E-CFU-s 
in  mice  surviving  radiation  injury.  How¬ 
ever,  as  is  the  case  with  endotoxin  and 
ILr  1 ,  survival  in  y-irradiated  and  n/y  =  1 
irradiated  mice  after  treatment  with  S- 
TDCM  may  not  be  directly  linked  to  the 
increased  number  of  E-CFU-s. The 
stimulation  by  S-TDCM  of  other  hema¬ 
topoietic  cell  growth  factors,  such  as 
colony  stimulating  factors  (CSF’s),  may  be 
necessary  for  proliferation.  It  is  not  known 
if  CSF  activity  is  increased  after  S-TDCM 
treatments. 

The  sugar,  trehalose,  currently  of  inter¬ 
est  to  the  naval  research  laboratories,  has 
been  used  as  a  membrane  stabilizer  during 
the  cryopreservation  of  blood  cells. "  • '  -  A 
possible  explanation  for  the  increased 
number  of  E-CFU-s  in  the  present  study 
may  be  that  the  membranes  of  cells  with 
proliferative  potential  are  protected  or 


repaired  following  radiation-induced 
damage. 

This  study  may  impact  on  blood  banking 
by  altering  dogma  for  treating  hema¬ 
topoietic  failure  following  radiation  injury. 
The  major  impact  of  radiation  on  the  hem¬ 
atopoietic  system  may  best  be  described  as 
pancytopenia.  In  terms  of  sensitivity,  the 
precursors  of  red  cells,  white  cells,  and 
platelets  are  more  sensitive  to  radiation 
damage  than  mature  blood  cells.  Modem 
hemotherapy  with  red  cells,  platelets,  and 
white  cell  transfusions,  along  with  isola¬ 
tion  and  antibiotics,  could  support  victims 
with  hematopoietic  radiation  syndrome. 
However,  intensive  medical  support  is 
beyond  current  combat  zone  capabilities, 
and  is  logistically  difficult  even  in  CONUS 
hospitals  offering  many  specialized  blood 
bank  procedures  with  high  volumes  of 
therapeutic  blood  components  (i.e..  HLA- 
matched  and  CMV-negative  blorxi  prod¬ 
ucts).  If  several  radiation  victims  require 
simultaneous  treatment,  support  would  Dc 
impossible  in  military  and  most  civilian 
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Figure  4.  Histologic  appearance  of  mouse  endogenous  spleen  colonies  10  days  after  3.5  Gy  nA  =  1  irradiation  and 
S-TDCM  treatments.  Representative  spleen  samples  are  presented  in  insets  A-E  to  show  the  ceilular  morphology 
indicated  by  the  arrows.  Inset  A  depicts  a  splenic  section  (16x)  with  several  myelocytic  colonies  appearing  centrally 
(1).  Diffuse  erythrocytic  areas  (2)  or  areas  containing  a  mixture  of  erythrocytic  and  myelocytic  cells  (3)  are  located  in 
the  subcapsular  area.  Megakaryocytic  cells  are  also  located  beneath  the  splenic  capsule  (4).  Depicted  in  inset  B 
(lOOx)  are  megakaryocytic  cells  near  a  splenic  trabeculus.  In  inset  C  (lOOx)  are  erythrocytic  cells  remarkable  by  their 
hyperchromatic  nuclei  presenting  a  “peppered"  appearance.  Inset  D  (lOOx)  are  myelocytic  cells  presenting  a  larger, 
lighter  stained  appearance.  Inset  E  (132x)  presents  a  mixture  of  both  erythrocytic  (1)  and  myelocytic  (2)  cells.  The 
splenic  histology  of  irradiated  mice  given  tween  80-saline  and  normal  mice  given  S-TDCM  are  described  in  the 
Results  section. 
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hospitals. 

The  use  of  immunomodulators  to  acti¬ 
vate  antibacterial  defenses’®  and  to 
increase  the  proliferative  cell  compart¬ 
ments'®-'**  offers  the  distinct  advantage  of 
limiting  the  clinical  course  treatment 
period,  as  well  as  minimizing  medical  sup¬ 
port  requirements.  Immune  depressed 
patients  may  benefit  from  autologous  stim¬ 
ulation  of  undamaged  bone  marrow  cells 
and  thereby  obviate  the  costly  and  inten¬ 
sive  management  needed  to  rescue  such 
cases  by  subsequent  tissue  typing  and  bone 
marrow  transplantation.  However,  clinical 
bone  marrow  transplantation  is  of  limited 
application  because  of  donor  selection 
limitations  and  graft  rejection  reactions,  as 
was  noted  after  the  nuclear  reactor  incident 
at  Chernobyl.^' 
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